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About eight years ago the late Dean R. W. Brock of the University 
of British Columbia started a study of the weathering of the igneous 
rocks near Hong Kong, the work being part of a comprehensive exami- 
nation of the geology of the colony. A number of chemical analyses 
were made, most of them under a grant from the Penrose Bequest of 
the Geological Society of America. These were made by Dr. A. Willman 
at the Laboratory for Rock Analysis at the University of Minnesota. 

Dean Brock’s sudden death interrupted his preparation of a manu- 
script giving the results of his study, but he did leave a number of 
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notes and calculations. The present editors have attempted to work 
this material into a final report. 

At the University of Minnesota Grout, in addition to using the chem- 
ical data and notes sent by Dean Brock with the samples, has made 
some study of the actual material, being assisted especially by Mr. Lynn 
Gardiner, who made X-ray analyses of nine of the samples. At the 
University of British Columbia Swanson used data left by Dean Brock 
and by Dr. T. C. Phemister and Mr. J. M. Cummings, who assisted him. 
Some reference has been made also to the manuscript on the general 
geology of Hong Kong, and for this information the editors are indebted 
to Dr. M. Y. Williams of the University of British Columbia. 


ABSTRACT 


Seven rocks are exposed near Hong Kong in fresh and weathered facies. Dean 
R. W. Brock and his associates collected a series of samples and studied the chemical 
and mineralogical changes that result under the tropical but monsoon climate in this 


district. 

Except for one lamprophyre, the rocks all lie in the range of granite, syenite, and 
granodiorite. The results of weathering are so uniform as to indicate the effects 
very clearly. In chemical terms, assuming alumina constant, the changes are typical 
of weathering. The order of losses is lime, soda, and magnesia early; silica and 
potassium commonly next; and iron and titania last, with some addition in excep- 
tional cases. Carbon dioxide is removed from some and added to others; water is 
regularly added; and iron is oxidized. In mineral terms, the chief product has 
approximately the composition of kaolinite but is more soluble in dilute sulphuric 
acid than most kaolinite. Thin sections show both crystaline and amorphous mate- 
rial, but the X-ray patterns are poor, indicating a dominance of amorphous material, 
in which some of the potash and other minor constituents may be adsorbed. 


THE PROBLEM 


In studying the geology of Hong Kong, Brock noted extensive weather- 
ing at many places. He believed that the tropical but monsoon type 
of climate might have produced effects somewhat different from those 
under other climatic conditions. With that in mind he and his asso- 
ciates collected the material here described. 

One uncertainty is the possibility of hydrothermal action on some of 
the igneous rocks before weathering. However, in most of the collection 
it is clear that the alteration is mainly the result of weathering of fresh 
igneous rocks. 

At some places enough samples were taken to show a series of stages 
in the alteration. No porosity determinations have been attempted, be- 
cause of disturbance of the material during sampling and transportation. 


GENERAL GEOLOGICAL RELATIONS 


The area around Hong Kong forms the southeastern part of a great 
granitic batholith, whose western flank is composed largely of Paleozoic 
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GENERAL GEOLOGICAL RELATIONS 719 
and Mesozoic formations, while the eastern flank is covered mostly by 
late Tertiary rhyolites. 

In the vicinity of Hong Kong the oldest rocks are the Tolo Channel 
sedimentary series, believed to be of lower Jurassic age. These beds 
are overlain by the Repulse Bay volcanics, composed largely of breccia 
and tuff. Both the sedimentary beds and the volcanics have been exten- 
sively deformed, intruded, and metamorphosed. 

The intrusives are mostly of Jurasside and Laramide age. The oldest 
is the Tai Mo Shan porphyry, which was followed by the Tai Po grano- 
diorite, the D’Aguilar syenite, the Lan Tau porphyry, and finally the 
Hong Kong granite. 

The youngest hard rock formations are the Mirs Bay red beds and 
the Rocky Harbor group of lavas and minor intrusives. The red beds 
are believed to be of early Tertiary age, and younger than the Hong 
Kong granite, although this conclusion is based on relations observed 
for similar rocks in adjacent areas rather than on any uncomformity found 
in the Hong Kong colony. The red beds are in general undisturbed, 
although small folds and faults are common. The beds have been cut 
by dikes of the Rocky Harbor group and in places are covered by Rocky 
Harbor lavas, which rest on eroded and weathered surfaces of the red 
beds. 

Following the formation of the Rocky Harbor lavas and intrusives 
(probably Miocene) the area was subject to erosion. The maximum 
uplift occurred in the Pliocene, and the region became a maturely dis- 
sected mountainous terrane, with a relief somewhat more than 3000 feet,— 
the highest point at present is Tai Mo Shan mountain on the mainland, 
with an elevation of 3130 feet. 

Then submergence caused the deposition of sediments in the valleys 
and the formation of beaches, some of which are now 400 feet above 
sea level. This was followed by uplift, during which the sediments were 
progressively transferred from higher to lower levels in the valleys, 
forming the present alluvial plains. The uplift has not yet restored the 
area to its maximum elevation, for weathered surfaces and peat and 
bog deposits have been found in Hong Kong harbor at least 100 feet 
below present sea level. 

At present climatic and other conditions cause rapid dissection. Tor- 
tential rains are common during the summer monsoon, and typhoons 
with extremely high wind velocities occur at times. Destruction of forest 
growth and vegetation by fires and human activities has left the soil 
and rock mantle generally unprotected and exposed for rapid erosion 
during the wind and rain storms. Deeply weathered surfaces occur only 
locally and are often bounded by exposures of almost fresh rock. 
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FRESH ROCKS 


Phemister studied the fresh igneous rocks, and most of the analyses 
of Table 1 as well as the following notes on the petrography are from 
his records. 
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Ficure 1—Variation diagram of fresh rocks 


Except for the lamprophyre the rocks all lie in the range of granite, 
syenite, and granodiorite, with biotite or hornblende or both as the dark 
minerals. The alkalic feldspar is dominantly potassic, but in most of the 
rocks there are two or more alkalic feldspars. The amount of intergrown 
albite is variable, even in individual crystals. The plagioclase is zoned, 
commonly with some oscillation. 

Many of the rocks are porphyritic, the Hong Kong granite being 
the principal exception. In the porphyries the groundmass is richer in 
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alkalis than are the phenocrysts. The phenocrysts show marked effects 
of resorption and are considerably fractured. Where the groundmass 
predominates the large grains are angular fragments, suggesting shearing 
of the original crystals by movement of a viscous magma. 

Even the fresh rocks show some secondary minerals. The feldspars 
are dusty with fine grains that may be kaolinite or white mica. Larger 
shreds are recognizable as muscovite, and some epidote occurs in the 
plagioclase. 

The chemical character of the rocks is given by Table 1 and Figure 1. 
It is noteworthy that: (1) alkalis are abundant, (2) K,O dominates over 
Na,O, and (3) MgO is low. Where the plotted points are far from 
the curves, the rocks are usually porphyritic, and the scattering may be 
explained by movements of the phenocrysts, which appear in several 
rocks as clusters or broken fragments. 

There is considerable variety in the proportions of different minerals 
within one intrusive body. Evidence of this may be seen in the rela- 
tively low iron and magnesium in granite 4X, described as transitional 
to the alkalic variety. The Rocky Harbor volcanics, though mostly 
rhyolite, have trachytic and even andesitic facies. 

Analyses 3X and 4X are almost duplicates of analyses 3 and 4 but 
are added as checks. One is by a different analyst, and the other is of 
a slightly more alkalic rock. 


WEATHERED ROCKS 
GENERAL STATEMENT REGARDING THE MINERALOGY 


The present information regarding the mineralogy leaves unsolved 

certain important problems. The following paragraphs summarize the 
available data and show the problems encountered. 
’ For some of the samples X-ray studies by Gardiner show the presence 
of the following minerals: quartz, kaolinite, muscovite, and microcline. 
No appreciable amounts of gibbsite, zeolite, or chlorite could be detected. 
The small clay lumps when immersed in index oils have an apparent 
index of 1.56 + .01, which is too high to indicate the presence of 
halloysite or allophane. Notes on microscopic work by Cummings show 
that kaolinite, quartz, sericite, and hydromica are determinable in several 
of the samples, while chlorite and epidote appear less commonly. In 
addition there are, of course, the ferric oxides, hematite and goethite, 
recognized mainly by their colors. 

Determinations were made in some unediees for the soluble alumina 
(more properly, soluble aluminum, reported as an oxide), using methods 
approximately the same as those employed by the Georgia Geological 
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Survey in estimates of the grade of bauxite (Shearer, 1917, p. 105-106). 
The data obtained are given in Tables 3 to 9. 

These determinations show that the soluble alumina generally forms 
a high percentage of the total alumina, which suggests the presence of 


TaBLeE 2.—Analyses of clay fractions from Hong Kong soils 
By the Imperial Institute, London. 


(A) |} ® | © | | ©} ® | G@ | 


ee 43.90 | 36.07 | 34.53 | 43.92 | 43.24 | 38.58 | 34.70 | 41.71 , 
ee 34.41 | 29.60 | 32.88 | 32.11 | 33.07 | 30.09 | 31.60 | 35.18 
3.23 | 14.09 | 18.09 | 5.95 | 5.82] 10.30 | 12.63} 4.46 
25 65 90 .64 24 40 87 22 
01 | none | trace .13 11 | trace 09 | trace 
none 22 .07 .387 | none 1 12 1 
9 97 .36 .44 49 59 58 
ES ae 70 1.52 .60 1.18 .52 1.36 96 78 
30 1.28 .24 | none 26 44 12 38 
eee 19 18 13 .70 35 13 54 08 


Loss on ignition...| 17.00 | 15.19 | 17.43 | 14.96 | 16.50 | 17.85 | 17.89 | 16.26 


Molecular ratio 


(A) From Hong Kong granite, So Kwun Wat. Grayish sandy loam. 

(B) From Tai Mo Shan porphyry, Chuk Shan Lung. Yellowish loam. 

(C) From Tai Mo Shan porphyry, Chun Lung. Yellow clay loam. 

(D) From Castle Peak valley silt, Chung Uk Chun. Gray sandy loam. 

(E) From Rock Harbor volcanics, Kuei Island. Grayish sandy loam. 

(F) Mostly from Repulse Bay volcanics, Tai Long Wan. Pinkish-brown loam. 

(G) Mostly from Hong Kong granite, Shek Kwu Lung. Yellowish-brown loam. 

(H) Mostly from Lan Tau porphyritic granite, Tai Pak. Yellowish-gray sandy loam. 


considerable amounts of gibbsite. However, gibbsite was not identified 
by either microscopic or X-ray methods, and calculations which place 
the soluble alumina in gibbsite yield a calculated amount of quartz that 
is much greater than the amount indicated by thin sections of those rocks 
that could be sectioned. This suggests the presence of amorphous alu- 
minum silicates or colloids that are decomposable by acids, and it seems 
probable that this is the general situation. Some of the samples, how- 
ever, are reported as largely crystalline under the microscope, which led 
Brock to suggest tentatively that the weathered material contains a crys- 
talline mineral having the composition of kaolinite, but, unlike kaolinite, 
being decomposable by dilute acids. 

The high percentage of soluble alumina also brings up the question 
of how the potash occurs. In some samples there is not enough insoluble 
alumina to place all the potash in sericite. Therefore, Brock suggested 
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the presence of potassium zeolites. An alternative suggestion is that 
the potash is adsorbed by the amorphous silicates. 

Because of the uncertainties indicated by the above data, and others 
pertaining to minor chemical constituents, it does not seem advisable to 
calculate the mineral compositions of the weathered rocks from their 
chemical analyses. Instead, the available information as to mineral 
composition is summarized for the various samples in the descriptive 
sections that follow. 

SOIL ANALYSES 

Table 2 gives a number of chemical analyses of clay fractions of Hong 
Kong soils, made by the Imperial Institute, London. The clay fractions 
were separated by sedimentation and consisted of particles .002 mm. and 
under. They show a molecular ratio of silica to alumina that is approxi- 
mately 2 to 1, the average being 2.07 to 1. The loss on ignition indicates 
the presence of enough water to form kaolinite from all the alumina 
and leave a good deal for other hydrous minerals. 


REPULSE BAY VOLCANICS 


Table 3 gives analyses of fresh and weathered rocks from the Repulse 
Bay formation, and the gains and losses in forming (1A) from (1), 
assuming alumina remains constant. The changes are typical of weather- 
ing. There is a high percentage loss for the alkalis, especially soda, 
and about a 40 per cent loss for silica, as well as the usual hydration 
and oxidation. Of the minor constituents, lime is largely lost, while a 
little iron is added. 

Analysis (1X) represents altered volcanic material in contact with an 
argillite inclusion in Tai Mo Shan porphyry. Only the voleanic rock 
is altered, perhaps by hydrothermal action. This is by no means estab- 
lished, however, for similar pockets of white claylike material are found 
elsewhere, and all may be the deeper projections of what was once an 
extensive decomposed mantle. In thin section sample (1X) shows no 
trace of the original texture. It is almost entirely kaolinitic, quartz 
being present sparingly as small grains. The X-ray shows quartz and 
faint muscovite lines. The analysis shows that there is not enough 
insoluble alumina to place all the potash in sericite, and not enough 
water to place all the soluble alumina in a dihydrous compound. Brock 
suggested that andalusite might be present, as this mineral is found 
in the older rocks at a number of places. 


HONG KONG GRANITE 


Table 4 gives the analyses of fresh and weathered Hong Kong granite, 
and the gains and losses, assuming alumina constant. Figure 2 is 4 
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straight-line diagram (Leith and Mead, 1915, p. 288) which compares 
the weathered rocks (4 A-E) with the fresh rock (4). 

In general, the changes are typical of weathering, although the behavior 
of the magnesia and the potash is erratic. In the case of the magnesia 
the small amounts make the results uncertain but the potash is signifi- 


TaBLe 3.—Analyses of fresh and weathered Repulse Bay volcanics 


(2) (1) (1A) (1X) 
75.37 75.70 66 .06 73.19 
100.09 99.94 99.72 99.99 
ee nd nd nd 12.90 


(1, 2) Fresh rocks. 


in Tai Mo Shan porphyry. 


Reproduced from Table 1. 
(1A) Partly weathered crust of rock (1), red. COs less than .05. 
(1X) Weathered Repulse Bay volcanic, near Tai Po, white. 
A. Willman, analyst. 


A. Willman, analyst. 
At contact with an argillite inclusion 


Gains and losses in forming (1A) from (1), in grams per 100 grams of original 


fresh rock, assuming alumina constant. 


(1A) 


Total losses...... 
Total gains...... 


31.30 loss 


| 
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cantly increased in sample (4E). Aside from such irregularities, there 
is an early and complete loss of lime, nearly the same results for soda, 
and a definite lag for potash. Iron is reduced only in advanced stages, 
which is also true for titania. For the most advanced stages (4D, 4E) 
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Ficure 2—Weathering of Hong Kong granite 


the net loss much greater than in previous stages, and the increase is 
attributable chiefly to silica. This suggests that in advanced weathering 
the process is essentially a leaching of silica. 

Microscopie study of (4A), partly weathered, shows that the soda 
feldspar and the iron minerals are attacked first, and the lime feldspar 
next. The rest of the series shows fairly complete decomposition. 

Thin sections of (4B) and (4C) are heavily stained, making mineral 
identification impossible for much of the material. However, in both 
cases the sections seem to be predominantly crystalline. Examining 
grains coarser than 40 mesh gave better results. Quartz, sericite, prob- 
ably kaolinite, and a little chlorite were recognized. Calculations from 
the chemical analyses show that in (4C) there is not enough insoluble 
alumina to place all the potash in sericite, and in both rocks the 
calculated amount of quartz is greater than that indicated by micro- 
scopic study if much of the alumina is put into gibbsite or any amorphous 
mineral of this composition. Thus the data indicate the presence of a 
crystalline hydrous aluminum silicate, having its aluminum soluble in 
acids. X-ray studies of (4C) show the presence of quartz and kaolinite. 

Samples (4D) and (4E) were taken to show whether the composition, 
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TasBie 4.—Analyses of fresh and weathered Hong Kong granite 


WEATHERED ROCKS 


(4X) | (4) (4A) | (4B) | (4C) | (4D) | (4E) | (4F) 
0 ee 74.32 | 73.37 | 72.39 | 67.74 | 66.01 | 40.47 | 49.69 | 62.55 
13.24 | 12.85 | 15.19 | 19.74 | 21.21 | 41.30 | 33.88 | 22.57 
.04 .09 .09 .05 | none .22 nd 
CaO... 1.32 1.15 | none | none | none none | none nd 
Ere $:28 | 3.26 .07 | none | none |} none .06 nd 
5.49 | 5.12] 4.29 .43 .48 | 4.04 nd 
.85 | 4.24] 7.58 | 7.55 | 16.22] 10.63] 9.71* 
.14] none .57 1.98 1.59 1.24 nd 
| none .15 .08 | none | none | none 
100.28 | 99.69 | 99.82 | 99.90 | 99.77 |100.29 | 99.94 | 99.60 
Soluble alumina.. . nd nd n nd | 20.57 nd | 29.06 | 21.74 


(4, 4X) Fresh rocks. Reproduced from Table 1. 


(4A) Partly weathered, 2 feet from surface. 
(4B) Much altered, at surface. 
(4C) Completely decomposed, Gindrinker’s Bay. 


Same locality as (4). 
Same locality as (4). 


(4D) Weathered to clay, texture preserved. A. Willman, analyst. 


(4E) Same as (4D), but texture gone. 


A. Willman, analyst. 


analyst. 


(4F) From granite porphyry. Shap Pat Heung valley. A. Willman, analyst. 
* Loss on ignition reported as H20+. 


Gains and losses in forming weathered materials (4 A-E) from fresh rock (4), in 


grams per 100 grams of fresh rock, assuming alumina constant. 


A. Willman, analyst. 
A. Willman, 
A. Willman, analyst. 


(4A) (4B) (4C) (4D) (4E) 
or ao waaaade 12.13 loss | 29.27 loss | 33.37 loss | 60.78 loss | 54.54 loss 
ae .49 loss .70 loss 1.04 loss 2.16 loss 2.16 loss 
eee .11 loss .09 loss 23 loss .67 loss .67 loss 
aa .19 loss .20 loss 23 loss .26 loss .18 loss 
a. ee 1.15 loss 1.15 loss 1.15 loss 1.15 loss 1.15 loss 
ee 3.20 loss 3.26 loss 3.26 loss 3.26 loss 3.24 loss 
 . ee 1.49 loss 4.84 loss 4.60 loss 4.97 loss 3.59 loss 
ae 3.24 gain | 4.58 gain 4.23 gain | 4.69 gain | 3.68 gain 
ee 09 loss .06 loss 15 loss nd nd 
CO». .00 .03 gain .05 gain .00 .00 
Total losses... .| 18.85 39.57 44.03 73.25 65.53 
Total gains....| 3.24 4.61 4.28 4.69 3.68 
Net loss....... 15.61 34.96 39.75 68 .56 61.85 
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chemically and mineralogically, is the same when the granitic texture 
is visible and when it is destroyed. Sample (4D), with the texture 
preserved, is predominantly a fine crystalline aggregate showing a few 
large vermicular crystals of kaolinite, as well as considerable sericite 
and hydromica. Sample (4E), without the texture, is one third to 
a half amorphous, with a few crystals of kaolinite and hydroraica recog- 
nizable. No quartz was seen. The X-ray showed the presence of kao- 
linite and microcline. Apparently there is little difference in the miner- 
alogy of the two samples. Chemically, (4D) seems more highly altered 
than (4E). Also, (4D) occurs nearer the surface than (4E), so that 
it might be better to reverse the order of these two samples in the tables. 
Calculations from the analyses show that in (4E) there is not enough 
insoluble alumina to place all the potash in sericite. In sample (4D) 
the high ratio of alumina to silica suggests the presence of some gibbsite 
or amorphous cliachite. 

Brock’s notes describe a typical clay deposit formed from Hong Kong 
granite. Although the editors are not certain that this is the deposit 
which yielded samples (4D) and (4E), the description is of interest in 
showing how such material occurs in this area. The deposit is located 
at Cha Kwo Ling. On either side of it fresh rock is exposed at the 
surface, while in the quarry weathering extends down at least 60 feet. 
At the surface the material is ordinary clay full of quartz grains. To 
a depth of 20 feet the clay is stained pink and has numerous quartz 
grains. For 10 feet below this, it is brownish, and the quartz grains are 
absent, becoming corroded and friable before they finally vanish. Traces 
of the original granitic texture are visible in this upper portion but 
disappear in the solid kaolin forming the lower 30 feet of the quarry. 
This kaolin is buff-colored when wet and white when dry. 

Sample (4F) is described as forming from granite porphyry, which 
leaves some doubt as to whether the original rock was a porphyritic phase 
of the Hong Kong granite or the Lan Tau porphyritic granite. Thin sec- 
tions show the texture largely preserved, with the original grains swollen 
by hydration. A number of the original phenocrysts are now largely 
amorphous. Kaolinite and hydromica were identified in small amounts 
(2 to 3 per cent) and quartz is abundant (50 to 60 per cent). The X-ray 
showed the presence of quartz and kaolinite. 


LAN TAU PORPHYRITIC GRANITE 

The porphyry dike at Lan Tau yielded a series of samples ranging 
from fresh rock to thoroughly altered material. Table 5 gives the 
analyses of three samples and shows the gains and losses, calculated 


a 
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on the assumption that alumina remained constant. The chemical 
changes are much the same as for the Hong Kong granite—in this case 
with no abnormal behavior of the potash or the magnesia. 

In the most altered sample (5B) the only minerals recognized in thin 
section are goethite, as brown stains, and quartz, as numerous corroded 


Taste 5.—Analyses of fresh and weathered Lan Tau porphyritic granite 


(5) (5A) (5B) 
ren 1.47 1.49 4.52 
1.43 none none 
5.30 4.40 1.02 
.08 .42 1.09 
.29 19 36 
99.85 99.94 99. 82* 
Soluble alumina..... nd | nd 19.62 


(5) Fresh rock, reproduced from Table 1. 
(5A) Same rock, partially decomposed, texture preserved. * About .10 COs. A. Willman, 


analyst. 
(5B) Same rock, completely decomposed to brown earth. * About .10 COs. *Ignition loss .47 
greater than water, included in summation. A. Willman, analyst. 


Gains and losses in forming rocks (5A) and (5B) from (5), in grams per 100 grams 
of fresh rock, assuming alumina constant. 


(5A) (5B) 
9.00 loss | 31.71 loss 
2.07 loss .91 loss 
.61 loss .11 loss 
| .32 loss .32 loss 
1.43 loss 1.43 loss 
2.82 loss 2.87 loss 
3.09 gain 4.53 gain 
.13 loss 07 loss 
Total losses......... 17.93 42.08 
Total gains......... 3.12 4.53 
14.81 37.55 
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fragments. About 30 per cent of the slide is amorphous. After washing, 
the coarse residue is about 50 per cent quartz, 45 per cent clay lumps, 
iron oxides, and a trace of altered biotite. The X-ray showed quartz 
and faint kaolinite lines. There is not enough insoluble alumina to 
place all the potash in sericite—only about half the potash can be cal- 
culated to this mineral. Reckoning the soluble alumina as part of a 
kaolinite molecule leaves about 36 per cent silica as quartz. 


TAI MO SHAN PORP: 


The Tai Mo Shan porphyry was collected at two places, taking 
weathered and fresh materials at each place. Table 6 gives the analyses 
and shows the gains and losses, assuming alumina remained constant. 
The chemical changes are those typical of weathering. 

Sample (6A) is only partly decomposed, yet more than half of the 
alumina is soluble. There is not enough insoluble alumina to place all 
the alkalis in feldspars or sericite. X-ray studies showed the presence 
of quartz and microcline. After washing, the coarse residue is about 50 
per cent quartz, 20 per cent microcline, 10 per cent clay lumps, 10 per 
cent biotite with some alteration and sagenite needles, and minor amounts 
or hornblende (?) and ferric oxides. 

The fresh rock (7) is slightly altered, with some white mica and 
epidote in the plagioclase, and chlorite and iron ore in the hornblende. 
In the highly weathered material (7A) the presence of quartz and micro- 
cline is shown by X-rays. Only a small part of the alumina is insoluble, 
but it is sufficient to calculate the potash as feldspar. After washing, 
the coarse residue is about half quartz and half clay lumps, with minor 
amounts of biotite, hornblende (?), and ferric oxides. 

ROCKY HARBOR ANDESITE 

The Rocky Harbor volcanics are dominantly acidic, as shown by 
analyses (3) and (3X) of Table 1. Nevertheless, trachytic and andesitic 
phases also occur, and sample (9) was taken from one of the more 
basic flows. 

The Rocky Harbor volcanics weather rapidly, making it difficult to 
obtain fresh specimens. Sample (9) was the freshest andesite available, 
but even this shows some weathering, mainly in the iron minerals. The 
analysis, showing considerable water and carbon dioxide, confirms this. 

On this andesite the weathered crust (9A) is only partially weathered 
and has several peculiar chemical features. It contains less alumina, 
and more iron, magnesia, potash, titania, and silica than the fresher rock, 
suggesting some unusual process in the alteration, or that the crust was 
originally different from the rock beneath. Calculations based on the 
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usual assumption that alumina is constant yield the surprising conclu- 
sion that all constituents increased except lime, soda, and carbon dioxide. 
For this reason, the usual calculation of gains and losses is omitted. 


Taste 6.—Analyses of fresh and weathered Tai Mo Shan porphyry 


(6) (6A) (7) (7A) 

68 .84 68.49 67.55 56.71 
3.50 47 5.82 .49 

99.79 99.72* 100.32 99.75 

nd 8.00 nd 22.78 

(6) Fresh rock, reproduced from Table 1. 

(6A) Same place as (6), from concentric zone of decomposition 1 foot from fresh rock. * Ignition 
loss is .16 greater than (H2O + COs), included in summation. A. Willman, analyst. 

(7) Fresh rock, reproduced from Table 1. 

(7A) Same rock as (7), completely decomposed to brown clay. *CO, about .10. A. Willman, 


analyst. 


Gains and losses in forming (6A) from (6), and (7A) from (7), in grams per 100 


grams of fresh rock, assuming alumina constant. 
(6A) (7A) 

3.98 loss | 34.11 loss 
52 loss 1.63 loss 
12 gain .08 loss 
36 loss 93 loss 
2.21 loss 3.05 loss 
1.13 loss 3.38 loss 
2.60 gain 5.39 gain 
23 gain 
.06 loss .06 gain 
Total losses......... 8.90 47.01 
Total gains......... 2.72 5.68 

6.18 41.33 
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TaBLe 7.—Analyses of fresh and altered Rocky Harbor andesite 


(9) (9A) 
16.91 12.90 
1.44 6.32 
1.22 1.79 
3.59 3.69 
1.15 3.68* 
.02 37 
.80 1.47 
99.78 99 .76* 


(9) Fresh rock, reproduced from Table 1. 
(9A) Weathered crust on rock (9). *Ignition loss is .42 greater than (COz + H20), included in 


the summation. A. Willman, analyst. 
TAI PO GRANODIORITE PORPHYRY 

Table 8 gives the analyses of fresh and weathered Tai Po porphyry, 
and the gains and losses for two of the weathered rocks. The third 
sample (10C) may be from a slightly different original rock, and there- 
fore the gains and losses for it were not tabulated. It has less alumina 
and more silica than would be expected if its original composition were 
the same as sample (10). 

Under the microscope, the fresh rock shows some alteration. A little 
chlorite and epidote formed from the hornblende and biotite, sericite 
and granular epidote appears in the outer zones of the plagioclase, and 
there is some dusty alteration in the orthoclase. 

Samples (10A) and (10B) show chemical changes that are typical 
of weathering. The more highly weathered sample (10B) is heavily 
stained in thin section and has lost its original texture. Corroded quarts 
grains and minor amounts of kaolinite(?) and sericite are visible in 4 
ground that is faintly birefringent in places. 

Sample (10C) is a lateritic clay from the same formation but a dif- 
ferent locality. In thin section it looks much like (10B). After wash- 
ing, the coarse residue is about 50 per cent quartz, 45 per cent clay 
lumps, 1 per cent leached mica flakes, and iron oxides. The X-ray 
showed the presence of quartz and kaolinite. 

LAMPROPHYRE DIKE 


The analyses of the fresh and altered lamprophyre are given in Table 9, 
as are the gains and losses, assuming that alumina remained constant. 
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The chemical changes are typical of weathering, except for the behavior 
of the alkalis in (12A). With a large amount of iron, magnesia, and 
lime in the original rock, the data on these constituents are more informa- 
tive than in the previous examples. 


Taste 8.—Analyses of fresh and weathered Tai Po granodiorite porphyry 


(10) (10A) (10B) (10C) 
| 64.24 62.90 62.98 66.34 
99.73 99.79 100.02 99. 96* 
Soluble alumina. ................... nd nd nd 15.54 


(10) Fresh rock, reproduced from Table 1. 
(10A) Same place, partly weathered. 


(10B) Same place, more completely weathered. 
(10C) Lateritic clay from Tai Po granodiorite porphyry. 
*Ignition loss .46 greater than (CO2 + H2Q), included in summation. 


*COz2 about .10. A. Willman, analyst. 
*COz about 10. A. Willman, analyst. 

Lam Mian valley near Tai Po. 
A. Willman, analyst. 


Gains and losses in forming (10A) and (10B) from (10), in grams per 100 grams 
of fresh rock, assuming alumina constant. 


(10A) (10B) 

14.55 loss 16.69 loss 
.05 loss .05 loss 
1.17 loss 1.21 loss 
LES re 3.79 loss 3.82 loss 
Seer 2.67 loss 2.67 loss 
.87 loss 2.52 loss 
3.64 gain 4.30 gain 
08 loss 08 loss 
CO:.. .08 gain .08 gain 
‘Total 24.68 28 .55 
Total gains......... 3.72 4.38 
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The combined water in the fresh rock suggests the presence of some 
hydrothermal alteration but, in the highly weathered material, weathering 
has evidently been the dominant process. 
shows considerable quantities of a mineral approximating biotite in 


In thin section this materia] 


TABLE 9.—Analyses of fresh and altered lamprophyre 


(12) (12A) (12B) 

49.42 49.36 48.40 
14.93 17.69 24.81 
9.05 4.34 .24 
1.71 1.72 none 
3.49 4.44 1.12 
2.60 3.73* 10.17" 
.12 1.50 1.69 
_ 1.02 1.21 1.03 

99.93 99.97* | 100.10* 
Soluble alumina...... nd nd 23.48 


(12) Fresh rock, reproduced from Table 1. 
(12A) Same locality, partly weathered. 
included in summation. 
(12B) Same locality, completely decomposed. 
than HO, included in summation. 


A. Willman, analyst. 


*COe less than .10. 


*Ignition loss is .28 more than H.0, 


*COz less than .10. 


A. Willman, analyst. 


*TIgnition loss is .53 more 


Gains and losses in forming (12A) and (12B) from (12), in grams per 100 grams 
of fresh rock, assuming alumina constant. 


(12A) (12B) 

7.71 loss | 20.36 loss 
.68 loss 2.25 loss 
4.06 loss 7.58 loss 
| See 5.39 loss 8.90 loss 
.26 loss 1.71 loss 
.25 gain 2.81 loss 
.54 gain 3.52 gain 
.03 loss .05 loss 
Total losses......... 18.13 44.30 
Total gains......... 1.11 3.52 
17.02 40.78 
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optical properties, and also some epidote. The feldspars are altered to 
a mass of very fine-grained secondary minerals, and some secondary 
quartz is present. The X-ray shows the presence of quartz and kaolinite 
in this material. 


TREND OF CHEMICAL CHANGES IN THE ACIDIC ROCKS 


The general trend of the chemical changes is summarized in Figure 3 
by arranging the samples according to the intensity of alteration and 
plotting the percentage loss for each constituent. The intensity of the 
alteration is measured by the net loss for each sample. For example, 
sample (1A) shows a net loss of 33.01 per cent of the fresh rock, accord- 
ing to Table 3, and therefore the changes for this sample are shown 
on a vertical line along the 33.01 per cent co-ordinate of Figure 3. In 
this sample the loss of silica is 31.30 grams out of an original 75.70 grams, 
or about 41 per cent. This is shown in Figure 3 by the point where the 
silica line crosses the vertical line for sample (1A). As the calculations 
assume that alumina is constant, the alumina line in Figure 3 follows 
the 0 per cent vertical co-ordinate. 

The irregularities in the lines on Figure 3 can be smoothed out by 
dividing the samples into three groups. Samples (6A), (5A), (4A), (10A) 
and (10B) show partial weathering; samples (1A), (4B), (5B), (4C) and 
(7A) show advanced weathering and sample (4E) and (4D) show ex- 
treme alteration. Table 10 gives the averages for each group. 


TaB_E 10—Average gains and losses 


Assuming alumina constant, for the samples arranged into three groups to show 
partial weathering, advanced weathering, and extreme alteration. 


Group 1 Group 2 Group 3 
Orig. | Loss dA Orig. | Loss 1s Orig. | Loss 2 
68.35 | 11.27 | 17 | 72.21 | 31.95 | 44 | 73.37 | 57.66 | 79 
3.69 | 1.221 33] 2.67 -81 | 30] 2.21 | 2.16] 98 
.87 65 75 .43 34 79 .26 22 85 
2.69] 2.48 | 96 1.52 1.50 99 1.15 | 100 
eee 2.83 2.50 88 | 3.24 3.21 99 |} 3.26] 3.25 | 100 
4.39} 1.41] 32] 4.87] 4.29] 88] 5.12] 4.28] 84 
49 08 | 16 .22 01 
Total losses .... 20.61 42.11 68 .72 


*Gain, not included in summation. 

Group 1—Average of (6A), (5A), (4A), (10A) and (10B). 
Group 2—Average of (1A), (4B), (5B), (4C) and (7A). 
Group 3—Average of (4E) and (4D). 


| | 
‘ 


736 Rk. W. BROCK—WEATHERING OF IGNEOUS ROCKS NEAR HONG KONG 


The trends shown by Figure 3 and Table 10 can be summarized ag 
follows. The silica line is fairly smooth, with a tendency to be concave 
upward. In advanced stages removal of silica is the dominant process. 
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PERCENT OF FRESH ROCK LOST 
Ficure 3.—Per cent of original oxides lost 


The iron line is irregular, due no doubt to local variations in conditions 
of oxidation. In general, however, iron changes little in the early stages. 
The titania line roughly parallels the iron line, but the small amounts 
present make the figures inconclusive. For the lamprophyre, which is 
not included in Figure 3, the percentage loss of titania in sample (12B) 
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is 39, while that of iron is 30. The magnesia line is also irregular, and 
again the small amounts present make the results uncertain. For the 
lamprophyre, where considerable magnesia is present in the fresh rock, 
the loss of magnesia almost keeps pace with the loss of lime. The lines 
for lime and soda in Figure 3 show rapid and almost complete losses 


Taste 11—Percentage losses and gains compared with other districts and summaries 


In order of decreasing losses followed by increasing gains. 


Hong Kong District Goldich (1938, p. 17-58) 


Group | Group | Lampro-| Mor- Med- | Black | Mead | mann 
1 2 phyre ton ford Hills 


MgO K,0 MgO MgO K MgO MgO Na,O 
Loss Fe M Na,O | Fe K,0 K:O 

SiO, SiO, SiO, SiO, 

SiO, e TiO; e 

TiO, TiO: Fe SiO, SiO, SiO. 

Al,0; Al,0; Al,03 Al.Os Al.O3 Al,O; Al.O3 
Gain H,0 Fe Fe K.0 H:O H.O 

1s H.0 H:0 


in the early stages, while potash has a definite lag in the partially 
weathered samples. Hydration is effected largely in the early stages, 
and the same is true for oxidation. The latter conclusion is not shown 
by Figure 3, but may be verified by an examination of the chemical 
analyses. 


SUMMARY 


The general trend of chemical weathering in the Hong Kong area is 
shown by Table 11 in comparison with some other districts and certain 
summaries. From this comparison and the summary given in the pre- 
ceding section it is clear that the chemical effects are similar to those 
noted elsewhere. 

The mineral changes in the weathering at Hong Kong are not so well 
known. The finest portions of the earthy materials have roughly the 
composition of ferruginous kaolinites, but the alumina is more soluble 
than is recorded for crystalline kaolinite, even in those samples where 
microscopic study indicates that much of the material is faintly bire- 
fringent. In many of the samples there is considerable amorphous 
material, which might absorb various impurities, so that the calculation 
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of minerals from the analyses is very uncertain. Microscopic and X-ray 
studies have helped little in determining the mineralogy on a quanti- 
tative scale. 

Most of the rocks are acidic, but one of them is a basic lamprophyre. 
The chemical changes in it are similar to those in the other rocks. 
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: Ficure 1. Derarts oF PULLED STALACTITES AND STALAGMITES 
On the slump scarp in North Bay. 


Ficure 2. View To SOUTHEAST FROM THE 13,070-Foot SpuR 
Showing buckled ridges bounding unshattered pressure plateaus in northeast portion of main 
crater of Mokuaweoweo, April 24. 


Ficure 3. or BuckLep RipGe anp Concentric Moat 
Bounding pressure plateaus shown in Figure 2 of this plate. 


STALACTITES AND BUCKLED RIDGES 
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SOME CHARACTERISTICS OF THE SUMMIT ERUPTION OF 
MAUNA LOA, HAWAII, IN 1940 
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ABSTRACT 


The 1940 eruption of Mauna Loa was confined to the summit crater, Mokuaweoweo, 
and the upper southwest rift. The rapid outpouring of the first day produced a 
lava lake, locally over 50 feet deep, over a large part of the crater. During cooling 
and solidifying the original surface settled from 0 feet where the flow was a foot 
or less deep, to 9 feet where the fill was 50 feet deep. Cooling accounts for but 
asmall percentage of this volume decrease. The collapse of the crust that produced 
slump scarps along the crater walls was rapid enough to pull some of the plastic 
material on the under side of the crust into the form of stalactites. The intrusion 
- the lava under the crust of the initial flood raised pressure ridges and pressure 
plateaus. 


INTRODUCTION 


The Voleano Letter and Bulletins of the Hawaiian Voleano Observa- 
tory contain rather complete accounts of the general features of Mauna 
Loa eruptions from 1914 on. During the 1940 eruptions the Observatory 
staff and Rangers of the Hawaii National Park visited the summit camp 
on the rim of Mokuaweoweo in relays so that this was the best-observed 
Mauna Loa source action on record. The number of observers available 
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allowed the writer to devote some time to special details of the outbreak. 
The results of his observations deal especially with the formation of 
pulled stalactites, volume changes, pressure ridges and the lesser known 
pressure plateaus. 
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NATURE OF THE ERUPTION 


On the morning of April 7, 1940, with very little immediate warning 
Mokuaweoweo and the upper southwest rift of Mauna Loa became 
active (Fig. 1). Such an outbreak was not unexpected, for Jaggar had 
publicly stated a few weeks before that Mauna Loa should produce 
activity, probably in the summit crater, about May 1, 1940. The predic- 
tion was based principally upon the known periodicity of Mauna Loa 
outflows. 

The actual eruption was quite free from earthquakes. In general, flank 
eruptions are preceded by considerable seismic activity which is especially 
noticeable while the cracks are opening. Seismic activity is usually 
comparatively slight just before as well as during summit eruptions. 

As shown in Figure 1, the active fissure was initially 3 miles long. 
The extra-crater activity, which ceased 18 hours after the outbreak, pro- 
duced three small flows about 2 miles long. Rapid flooding during the 
first 12 hours produced a lava lake in Mokuaweoweo proper and in the 
North Bay that locally was 50 feet deep. The active portion of the 
fissure gradually shortened until, on April 11, it was only 1000 feet long 
and straddled the 1914 and 1933 cones. As the activity along the erup- 
tive fissure decreased in linear extent, the height of the fountains in- 
creased. The maximum height, which was reached on April 12 and 18, 
probably exceeded 600 feet. Two lava streams, each about 20 feet wide, 
issued from breaks in the spatter cone that was being formed by the 
high fountains. The initial velocity of the streams was about 20 miles 
per hour. A large amount of the lava from these streams forced its 
way northward under the crust of the lava lake formed by the initial 
flood of April 7. 

From time to time slight pulsations in the intensity of the activity 
were noted, but no regularity was detected by the writer. Some observers, 
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however, thought they detected diurnal periodicity. One is apt to be 
influenced in this respect by the relative visual effects of daylight and 
darkness. 

During the last week in April fountaining activity diminished, and no 
persistent lava streams were visible. The 1940 cones had developed 
so that they almost covered the 1914 and 1933 cones. By May 1, 
activity at the source was confined to a single fluctuating fountain. 
From the base of the cones small radial lava streams issued periodically 
to build a broad dome having the form and structure of a miniature 
shield type volcano. 

On April 26 large bombs were ejected from the main cone for several 
hours. None of the bombs was thrown high; most of them just cleared 
the cone rim. They seemed to be boosted over the rim by surges of large 
volumes of gas rather than by true explosive force. 

Aa lava was comparatively rare in 1940. On April 29 one aa flow 
issued from the flank of the broad dome surrounding the base of the 
cones. Subsequently, pahoehoe covered this aa. Some aa also formed 
in much smaller patches in the shattered chaos of the first flood crust. 

During the evening of April 29 a blue-white flame was seen on the 
north flank of the new cone. After 15 minutes it became intermittent 
and disappeared shortly thereafter. 

On May 23 a portion of the rim of the main spatter cone collapsed. 
From a notch on the east side, lava poured out on May 25 and formed 
a deltalike plateau, making the surrounding dome asymmetrical. 

June 19 inaugurated the final eruptive stage which continued until 
August 18. The activity was intermittent but otherwise similar to that 
described above. Active periods of a few hours to several days duration 
alternated with quiescent periods of 1 to 4 days. The single remaining 
fountain was for the most part hidden from view within its cone during 
this declining stage, but small blobs of molten ejecta occasionally cleared 
the rim. The volume of the 1940 fill in Mokuaweoweo was estimated to 
be about 100,000,000 cubic yards. 


LAVAS 


The 1940 lavas have all the megascopic characteristics of typical 
basalt of which the bulk of Mauna Loa has been built. In a few localized 
high areas on the south lunate bench in Mokuaweoweo lavas evidently 
gushed from the fissure when it first split open and then quickly ceased. 
This allowed the preservation in place of a golden-brown pumiceous froth 
having a silky luster. The pumiceous surface is 1 or 2 inches thick and 
passes quite abruptly into a typical highly to moderately vesicular 
black basalt. Associated with the golden pumice froth are weak, crusty 
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LAVAS 743 
scoriaceous basalts. The surfaces of both rocks were twisted, wrinkled, 
and buckled, indicating that they existed for a short time as pliable skins. 
Occasional fragments of both forms were also found widely distributed 
in the shattered first flood basalt. 

The crust of the first flood in Mokuaweoweo crater formed broad 
billows or convex hummocks a few inches high and up to 20 feet across— 
for the most part bounded by and occasionally traversed by tension 
cracks. This crust is devoid of wrinkles, tongues, or toes, so character- 
istic of pahoehoe flows. The rock is only moderately vesicular. It is 
covered with a glassy skin, a highly friable tachylite in which escaping 
bubbles have broken and flattened producing a lacy effect. The glassy 
skin is one-sixteenth to one-eighth inch thick. Its edges are olive yellow 
in transmitted light. 


VOLUME DECREASE IN COOLING PONDED LAVA 


In the North Bay conspicuous slump scarps developed on the crater 
walls prior to April 12. This resulted from the settling of the first 
flood crust and appeared to be closely proportional to the amount of 
local filling in the North Bay whose pre-1940 eruption floor was inclined. 
The filling varies from a few inches to over 50 feet, and the slump- 
ing varies from 0 to 9 feet (Fig. 2, sections). These values sup- 
port the view of R. H. Finch (personal communication) that contrac- 
tion, due solely to decreased temperature of the consolidated rock and 
crystallization, is insufficient te account for much of the volume change. 

Daly (1933, p. 53) estimates the volumetric expansion of basalt be- 
tween 0° and 1000° C. to be 25 xX 10° when holocrystalline and 
35 X 10° when vitreous. The drop in temperature of the lava flow 
in 1940 was about 700° C. Using Daly’s larger coefficient the decrease in 
volume should have been about 2.45 per cent. The actual slump, how- 
ever, was 9 feet in 50 feet of fill or a volume decrease of 18 per cent. 
Hence additional factors must have been involved. These may have 
included: (1) some sort of draining back into the eruptive fissure, 
(2) local adjustments into incompletely filled depressions, and (3) volume 
loss by emission of gas from vesicles in the still molten material under 
the crust and consequent partial or complete collapse of these vesicles. 
Finch has also suggested the absorption of gas by the vesicle walls during 
the temperature decrease as a possible minor contributing factor. 


PULLED STALACTITES 


An interesting feature associated with the slumping was the formation 
of “pulled” stalactites (Pl. 1, fig. 1). They are found on the underside 
of the remnant shelf which adhered to the crater wall and look like pulled 
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The plan shows the location of different types of 1940 lava formations in northern 


Mokuaweoweo. Section AA’, somewhat idealized from observations 


at each side of 


section line, shows slump scarp and amount of elevation of simple and complex pressure 
plateaus. Section BB’, simple pressure plateau with elevation slightly less than at AA’. 


Section CC’ shows slump scarp and no subsequent elevation of original surface. 
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PULLED STALACTITES 745 
tarry material. A rapid collapse of the first flood crust appears to have 
pulled some of the still plastic material on the under side of the crust into 
stalactites up to 10 inches long while corresponding but less well devel- 
oped stalagmites formed on the slumped layer. The fact that the 
stalactites taper to threadlike diameters indicates that they chilled 
almost immediately on exposure to the air. The shape and inclination 
of the stalactites is a measure of the horizontal component in the slump- 
ing motion. 
PRESSURE RIDGES 


Pressure ridges (Pl. 1, figs. 2, 3), which eventually formed a maximum 
relief of about 30 feet on the crater floor, began developing about 
April 10 (Waesche, 1940, p. 8). They were confined to the main portion 
of Mokuaweoweo proper and were evidently raised in the crust of the 
first flood by lateral pressure produced by intrusions into the still fluid 
or plastic material beneath it and by continued lava pourings upon it. 
Possibly some of the intrusive lava may have originated along the 
covered portion of the eruptive fissure. 

The larger ridges are rendered somewhat inconspicuous by being located 
in the chaotic mixture of pressure ridges and shattered crust (Fig. 2). 

The rate of pressure ridge rise was imperceptible. However, slabs of 
the shattering crust up to 10 feet or more in width and over 3 feet thick 
frequently tumbled down the growing scarp. Appreciable amounts of 
pink rock flour were formed where the uppermost blocks slid over lower 
layers. 

PRESSURE PLATEAUS 


Pressure ridges are common in lava flows as well as in Polar ice. 
Pressure plateaus, that is, bodily elevations of an appreciable area of 
lava fill, while by no means rare, have received comparatively little 
attention. The rate of rise of the pressure plateaus was imperceptible, 
but day to day observations made it apparent that an appreciable area 
of the crater floor was gaining in elevation without any addition at the 
surface. The difference in elevation between the bottom of the slump 
scarps and the unshattered surfaces in sections AA’ and BB’ of Figure 2 
is a measure of the uplift. 

Pressure plateaus that were still intact until the 1942 outbreak were 
formed in the northeastern part of Mokuaweoweo proper and in the 
North Bay. Other plateaus were undoubtedly raised over appreciable 
portions of the main crater labeled “shattered first flood basalt” and 
“pressure ridges and shattered crust” (Fig. 2), but they are not readily 
discernible because of subsequent flooding and shattering. 
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The intrusive material that induced the formation of the plateaus 
progressed from south to north under the crust of the initial flood. The 
constriction between the main crater and North Bay forced some of the 
intrusive material toward the east along the 13,070-foot peninsula. Here | 
small pressure plateaus were formed. Each plateau was margined by a 4 
low pressure ridge on all sides except the north where locally a 15-foot ¥ 
high ridge of the first flood had been shattered against the wall of the¥ 
peninsula. A moat 6 feet wide and 3 feet deep separated the elevated ¥ 
plateaus from the marginal ridges. In places, however, the moat was ™ 
obscured by a jumble of crustal blocks. . 

The large pressure plateau in North Bay was free from pressure ridges. @ 
The temperature and thickness of the crust at the time of the intrusion, 
the constriction at the 13,070-foot peninsula, and perhaps other factors 
prevented the development of sufficient lateral pressure for the formation 
of pressure ridges. The plateau was elevated 15 feet at its southern end @ 
and 2 to 3 feet at the widened northern end. 
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ABSTRACT 


A series of magnetic and gravitational measurements at 7-mile intervals was made 
across the continent from Sea Bright, New Jersey, to Morro Bay, California. For 
the most part the data were complementary indicating a common control, although 
this varied with the regions crossed. In the eastern half of the country lithologic 
variations in the basement apparently controlled; in the western part of the country, 
structure was reflected in the gravity values due to the large density contrast between 
the sediments and the crystalline and consolidated formations. The magnetic varia- 
tions for the most part reflected lithology. 

Large anomalies in both sets of data must originate from deep-seated sources. The 
marked regional effect upon which the above variations were superimposed appal- 
ently reflects in the gravity value the elevation of the stations, and the amount 
of the anomaly is approximately that of the isostatic correction. For the magnetic 
values the regional effect is believed to be primarily related to inadequate longl- 
tude corection. In general no corelation could be made between the reduced data 
and the large regional geologic structures. 


INTRODUCTION 


The results of this investigation are discussed from two standpoints: 
(1) the major factors controlling the observed values; and (2) the 
geologic controls and their reflection in these values. In treating the 
latter a further subdivision is made: those causes best seen by viewing 
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the traverse as a whole, and those related to the geologic details. The 
entire traverse is first discussed so that the significance of the major 
regional variations in the data can be appreciated. For the detailed 
correlation of the data with the geology and also to maintain a rational 
picture of space relations, the traverse is divided into nine separately 
discussed sections each about 300 miles long. 

In the illustrations the areal geology along the line of traverse is in- 
dicated by age groups and is based upon the 1932 geologic map of the 
United States prepared by the United States Geological Survey (scale 
1: 2,500,000). As there are marked differences in some areas between 
this map and those prepared by the State surveys, structural interpre- 
tations may differ locally from those presented. The elevation section 
for the geologic profile was taken from the aeronautical navigation 
sheets of the United States Coast and Geodetic Survey, while the 
geologic structure was based upon the areal geologic map with sub- 
sidiary information from the proof sheet of the tectonic map of the 
United States being prepared by C. R. Longwell under the auspices of 
the National Research Council. 

Since the geologic sections are drawn along the line of traverse there 
is local distortion in the projection of data to a base line in areas where 
the route departs from a straight line. In areas of marked change in 
route the profiles are actually offset. For areas where structural data 
are scant and much of the outcrop pattern is masked by sediments and 
flows, the structure is based upon the current interpretations of geologists 
familiar with the area. In all sections the geology is schematic although 
an effort was made to approximate the actual structures. 

The data, taken either separately or together, do not yield a unique 
solution as to cause of the gravitational and magnetic results. The best 
interpretation of the data is the one that seems reasonable in the light 
of knowledge concerning the density and magnetic susceptibility ranges 
for the common rocks and the general geology of the area. The only 
depths that can be approximated in the absence of other data are limiting 
maximum values. Any anomaly can be duplicated at shallower depths 
by larger bodies with less-density or magnetic-susceptibility contrast. 
Anomalies in both sets of data cannot be correlated unless it is possible 
theoretically for the anomalies to have arisen from a body of the same 
size, general configuration, and attitude at the same depth. Magnetic 
and gravity anomalies arising from the same disturbance do not neces- 
sarily occur at the same surface location or have the same pattern since 
the ground-surface position of the former is governed by depth, the 
magnetic inclination of the earth’s field, and the shape and attitude of 
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the disturbance. Finally it is useless to make more elaborate depth 
calculations for any anomaly in these data unless there is some specific 
extraneous information concerning the depth, the shape, or contrast in 
density or magnetic susceptibility of the body causing the disturbance. 

From these limitations it is seen that only a qualitative picture can be 
presented. However, the geological implications of the results should 
prove to be of marked interest. 

The survey was undertaken to determine the gravitational and mag- 
netic variations across the country and their relation to the geology. It 
was felt that such a survey crossing so many types of geologic structure, 
would be of considerable value in revealing large-scale effects and their 
relation to regional geologic structure that are not evident in local sur- 
veys. It is believed that the following report will clearly show the limi- 
tations and possibilities of regional gravitational and magnetic data in 
reflecting geologic structural conditions. 
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PLAN OF SURVEY 


In laying out the survey, the line was chosen to run as nearly perpen- 
dicular to the structural pattern as the road system would permit, and 
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was also governed in part by the ability to secure elevation data along 
any stretch of road. Stations, averaging about 7 miles apart, were placed 
so as to give a good coverage of the regional geology with a wider spacing 
of stations when running along rather than across the strike. 

In a good portion of the country crossed that was not adequately 
mapped, the aeronautical sheets of the United States Coast Survey on 
a scale of 8 miles to the inch served fairly well. This applied par- 
ticularly to Indiana, part of Illinois, western Kansas, and parts of Utah, 
Nevada, and California. 

The major geologic structures crossed hin east to west were: the 
Atlantic Coastal Plain, Triassic troughs, Blue Ridge thrust area, Ap- 
palachian Mountains, Allegheny Coal Basin, Cincinnati Arch, Illinois 
Basin, Ozark Uplift, Nemaha Granite Ridge, Salina Basin, Central 
Kansas Uplift, Denver Basin, Rocky Mountains, Uinta Basin, Uncom- 
paghree Uplift, Wasatch Mountains, Basin and Range structure of 
Nevada, Death Valley, Sierra een, San Joaquin Valley, and the 
California Coast Ranges. 

The traverse ran from Sea Bright, New Jersey, to Morro Bay, Cali- 
fornia, via Bethlehem, Harrisburg, and Washington, Pennsylvania; Co- 
lumbus, Ohio; Indianapolis and Terre Haute, Indiana; Effingham and 
Edwardsville, Illinois; St. Louis, Jefferson City, and Kansas City, Mis- 
souri; Lawrence, Topeka, Manhattan, Beloit, and Colby, Kansas; Limon, 
Denver, Loveland Pass, Minturn, and Grand Junction, Colorado; Cisco, 
Green River, Provo, and Salt Lake City, Utah; Wendover, Ely, Tonopah, 
and Beatty, Nevada; Olancha, Bodfish, Bakersfield, Famoso, and Paso 
Robles, California. 

METHOD OF SURVEY 


A base line with stations approximately 35 miles apart was first 
established across the country as a series of closed loops. That is, each 
station was occupied before and after each advance station and the 
closure tied each new station with the preceding stations. Thus each 
station was occupied three times—as an advance station and twice as 
a control station on the next advance station. This meant crossing the 
continent three times to establish this chain of control bases. 

While part of the party was thus engaged another group worked at 
the various State highway offices compiling elevation data for key 
points about 1 mile apart along the highways and reducing these data 
to sea level. 

To obtain the additional information for reducing the magnetic ob- 
servations on the more detailed return traverse two men advanced to 
about the middle of the stretch to be covered that day and there observed 
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the diurnal variation at 15-minute intervals throughout the day. Drift 
control was established by reoccupying the stations set on the preliminary 
base line at 35 mile intervals. 


ELEVATION CONTROL 


Although it was possible to use United States Geologic Survey and 
United States Coast and Geodetic Survey bench marks over certain 
stretches of the route traversed, highway elevations were relied on, 
mostly. However, in certain areas, particularly western Kansas, even 
these were lacking, and the railroad elevations as listed in the Dic- 
tionary of Altitudes, U. 8. Geological Survey Bull. No. 274, had to be 
used. The intervening areas between railroad stations were covered 
by altimeter. However, the elevations are believed to be fairly accurate. 


POSITION CONTROL 


The accuracy of the station positions used in the computations varies 
with the scale of the available maps. Most of the positions are accurate 
to about .1 minute. In Indiana and parts of Illinois, Kansas, Utah, and 
Nevada errors of a minute or more are quite possible, and the gravita- 
tional results may be as much as 1 milligal in error. 


OBSERVATION PROCEDURE 


The stations were occupied on the side of the roads traversed at the 
point of elevation control, and an average of about 10 minutes was spent 
at each station. The magnetic observer took his instrument about 150 
feet from the road to avoid any effect from the magnetic field of passing 
vehicles, while the gravity observer lowered the instrument tripod on 
the shoulder and made the gravity observations there. 


OBSERVATION PROBLEMS 


In certain areas traffic vibration hampered gravity observations. The 
instrument is similar to a horizontal-component seismograph and can 
record the passing of seismic waves from distant earthquakes to such an 
extent that observations can not be made until the seismic disturbance 
has ceased. As a result, in certain areas, particularly on unconsolidated 
material, the vibration from approaching cars made it necessary to get 
away from the highway or to wait for a lull in traffic. However, some- 
times it was not feasible to leave the highway, and observations were 
made in heavy traffic. This generally entailed many readings, and some 
changes in the drift characteristics of the instrument resulted from some 
of the more violent vibrations caused by large trucks. 
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The temperature of the gravity meter is normally held constant to a 
hundredth of a degree by a thermostatic relay, a thermos insulation, and 
heating coils, operating from the truck’s batteries. However, difficulties 
in maintaining a constant temperature were experienced above the timber 
line in the Rocky Mountains when the air temperature dropped below 
freezing and also in working across Death Valley when the air tempera- 
ture rose to 127°F. 

Although there were no instrument problems with the magnetometers, 
erratic readings were common and had to be checked by occupying other 
near-by sites to establish the true value of the station. 


INSTRUMENTS AND OPERATING SENSITIVITY 


A compound boom Truman type gravimeter was used in which the 
pull of gravity is balanced to a null position by varying the tension in a 
fine spring whose position relative to the hinge line of the boom suspen- 
sion determines the instrument’s sensitivity. To obtain the maximum 
possible range the sensitivity was set for its lowest value, resulting in a 
sensitivity of about one-third of a milligal per division of the fine spring 
tension counter and giving a total range of over 200 milligals. As a 
result it was found necessary to reset the main spring carrying the bulk 
of the mass of the moving system only twice during the survey. 

Actually the instrument has two systems working in opposition. The 
extreme sensitivity to tilt is thereby compensated since one system will 
give a high and the other a low value, with the average of the two remain- 
ing the same in consecutive readings despite slight changes in level. With 
one system alone it would be extremely difficult to obtain the same level 
position each time and to maintain it during observation. 

The instrument was first calibrated in Houston by several continuous 
round trips between stations of a known difference in gravity, and was 
checked in the field by using two small gold riders which could. be 
lowered on the ends of the booms to check the deflection for their con- 
stant mass. 

No great change was observed in the calibration of the instrument dur- 
ing the survey, and the final value used in computations was based upon 
the calibration curve obtained from the reoccupation of various pendulum 
gravity stations of the United States Coast and Geodetic Survey from 
Burbank, California, to Worcester, Massachusetts, representing a gravita- 
tional change of from 979.595 cms. per sec.* to 980.329 ems. per sec.” 
Figure 1 shows the calibration as determined on the basis of all the 
pendulum stations occupied as well as a calibration based only on those 
values recently established. The value adopted for the survey was based 
upon all reoceupations (.351 milligals per scale division) since this agreed 
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better with other check data at different points supplied by the Gulf 
Research and Development Company. 

The magnetometers used were the Askania, Schmidt type, vertical- 
component variometers set for a sensitivity of approximately 32 gammas 
per scale division. The temperature calibration was checked at the 
beginning of the survey and again in the magnetic laboratory of the 
Colorado School of Mines on both legs of the survey as well as at the 
completion of the work. The operating sensitivity was checked in the 
field with a Helmholtz coil. 

Paulin altimeters, varying in range and appropriate sensitivity values, 
were used. 


DRIFT CONTROL 


The gravitational data were first corrected for instrumental drift— 
the time variation in readings that would be noted if the instrument were 
read periodically at one site. In detailed surveying these drift variations 
may exceed those changes believed to be of geologic significance and 
may be attributed to several causes such as handling of the instrument, 
fatigue of the spring system, and lunar effects. On the westward traverse 
to establish base stations the drift was determined by looping back on 
the preceding station after establishing each forward station. On the 
eastward traverse the drift was taken as the difference between the base 
station intervals found on this traverse, relative to those observed on 
the westward traverse. These corrections applied to both the magnetic 
and gravitational readings and their magniture are indicated in Figure 
2 and Plate 2. 

In Figure 2 the upper curve represents the amount of accumulative drift 
relative to the key stations on the profile, and from this it is seen that 
the maximum error, had drift been neglected, would have been about 
8 milligals. The lower curve represents the actual difference in interval 
observed between base stations, with departures of as much as 2 
milligals. These rather large drift indications are believed to be due 
primarily to traffic disturbances. 

In Plate 2 showing the drift control for the magnetic observations, the 
two upper profiles represent the actual observed magnetic difference be- 
tween base stations for the westward traverse and the eastward traverse. 
The third profile from the top represents the error in closure of the re- 
occupations relative to the original interval values, and the accumulative 
effect is shown in the fourth profile. The net closure error from coast to 
coast is 230 gammas, with a maximum error that would have resulted 
from neglect of drift of 450 gammas. 


ae 
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The bottom profile will be discussed in connection with the magnetic 
latitude corrections. 
REDUCTION OF DATA 


GENERAL STATEMENT ON GRAVITY REDUCTIONS 


Since an observed gravity reading represents the accumulative effect of 
several factors including the shape of the earth, the elevation above sea 
level, the thickness of the earth’s crust, the centrifugal force due to the 
earth’s rotation, the distribution of intrusive masses of varying density 
at different depths in the crystalline crust, as well as surface and near- 
surface geologic features, it is necessary to remove as many factors as 
possible, or to “reduce” the data to residual effects, before correlation with 
geologic features can be attempted. 


LATITUDE CORRECTION 


The first reduction, that for the shape and rotation of the earth, is 
based upon the fact that the earth approximates in shape a biaxial 
ellipsoid of revolution with its maximum radius at the equator. This 
ellipsoid is referred to as the Spheroid. The correction for its shape is the 
Latitude Reduction which recognizes the increase in gravitational pull 
north and south of the equator due to the shortening of the earth’s radius, 
as well as the effect of the earth’s rotation which is of opposite sign and 
amounts to about 3.39 ems. per sec.*2_ The net change from the equator 
to the poles is about 5 cm. per sec.” or, in gravitational terms, 5 gals. For 
absolute measurements a reference value has been established for sea 
level at the equator, and variations from it are determined by the 
International Gravity Formula g = 978.049 (1 + 0.0052884 sin? ® — 
0.0000059 sin? 2 ©) where ® is the latitude of the station. Since this 
correction is relatively large, about 1.3 milligals (0.0013 gals) per 
minute of latitude in latitudes 30° to 40°, the most accurate determina- 
tion possible of station position is necessary. In the present work most 
of the stations are believed to be located accurately within .1 minute. 
Some, as has been pointed out, however, may be off by as much as 4 
whole minute in areas of poor mapping. 


ELEVATION REDUCTIONS 

With change in elevation the attraction of gravity varies at the rate 
of .09406 milligals per foot or .3086 milligals per meter. However, it 
the reductions now being made by the United States Coast and Geodetic 
Survey this elevation correction is modified according to the formula: 


2 
— (.00030855 + .00000022 cos 2 ®) h + 0.000072 (4-) where h = ele- 
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vation and ® = latitude. This is used to take into consideration polar 
flattening, but it does not take into account elevation errors due to the 
fact that the level surface of the earth does not conform to the assumed 
Spheroid surface. This level surface, referred to as the Geoid, rises above 
the Spheroid over the continents and sinks beneath it in the oceanic 
areas, and can be defined as the water-level surface that would obtain if 
the oceans were connected by transcontinental sea-level canals. The 
amount of the departure varies with the local control of the equi- 
potential gravitational surface and the assumed Spheroid. The depar- 
ture in the Himalayas has been estimated as perhaps 100 meters by 
Bowie and 39.5 meters in the Rocky Mountains by Hayford. This cor- 
rection was not made in the present work since the effect is transitional 
and with a regional distribution that would not materially affect the 
relatively anomaly picture other than to lower, at a slightly varying rate, 
the entire section from coast to coast. The approximate effect can 
be gauged from Table 1 for the traverse route as taken from Hayford’s 
1909 map. 


Taste 1—Estimated differences between the geoid and the Clarke spheroid of 1866 
Meters Meters 


Phillipsburg Rocky Mountains 
Central Pennsylvania—about Grand Junction 
Utah 
Indiana Green River 
Central Indiana Salt Lake 
Terre Haute Nevada 
Missouri Wendover 


Jefferson City 
Kansas City 
Kansas California 
San Joaquin Valley 


This effect is not considered in the elevation correction by the United 
States Coast and Geodetic Survey, but it is taken into consideration in 
their isostatic reductions for compensation at 96 kilometers. In their 
tables of principal facts for gravity pendulum stations for the United 
States this effect is listed under “indirect effect.” 

The correction for elevation generally referred to as the Free Air 
Correction is always negative on land areas since it does not take into 
consideration the mass of material lying between sea level and the 
elevation of the station. 


New Jersey Colorado 
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BOUGUER REDUCTIONS 


The inclusion of the material down to sea level, the mean surface of 
the ellipsoid, results in a correction of opposite sign to the elevation cor- 
rection. It amounts to 0.01276 d milligals per foot or 0.04185 d milligals 
per meter, the value d being the density of the included material. In the 
present work an average crustal density of 2.67 was used for all stations 
in order to show all deviations from the norm. This correction for the 
mass of material above sea level is generally referred to as the Bouguer or 
“simple” Bouguer correction and is based upon the assumption that the 
station is located on a slab of infinite extent at the elevation of the 
station. It does not recognize the curvature of the earth or any de- 
parture in topography from this assumed infinite sheet. On the face of 
it this value would appear to be subject to great modification if neglected 
terrane and curvature were included. Actually the modification is as a 
rule very slight except in areas of extremely rugged terrane. The 
curvature correction is small and generally neglected in geologic investi- 
gations. It is indicated in Table 2. 


TaBLe 2—Curvature correction 


Station Correction 
elevation (tenths of 
(meters) milligals) 

0 0 
200 + 3 
400 + 6 
600 + 8 
800 +10 

1000 +12 

1500 +15 

2000 +17 

2500 +17 

3000 +15 

3500 +11 

4000 +6 


These curvature corrections are out to zone O as used by the United 
States Coast and Geodetic Survey (99,000 meters radius). 
The precision of the work being done and the relative size of the 
terrane corrections as compared to final anomalies that are to be studied 
determine the need for terrane corrections. With instruments reading to 
one hundredth of a milligal and residual anomalies frequently less than 
a milligal in total amplitude and requiring a station spacing on a quarter- 
mile grid, terrane corrections as well as precise leveling and very accu- 
rate mapping, would be necessary. On a survey of the type here con- 
ducted—designed to measure large regional effects, with stations 7 
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miles apart—such an expensive refinement as correcting for less than 
half a milligal for the terrane of about 75 per cent of the traverse, and 
even as much as 15 milligals in the Rocky Mountains where the ob- 
served anomalies are in excess of 250 milligals, is not justified from the 
point of view of added scientific value. The expense of making such 
terrane corrections would exceed the cost of the survey. 

The difference, however, between the simple Bouguer correction and 
the complete Bouguer value including terrane can best be illustrated by 
examples of United States Coast and Geodetic pendulum stations in 
different parts of the country, subdivided according to terrane con- 


ditions. 
TABLE 3.—Terrane corrections 


US.C.G.S. Elevation Bouguer Correction Difference 
Stations (meters) (in gals) (milligals) 
Simple Complete 
Mountain Peaks 
4293 479 .423 56 
55 Mt. Hamilton, Calif........... 1282 . 143 .121 22 
Deep Valleys 
Oo Grend Canyon............... 849 .094 .073 21 
276 Idaho Springs, Colo........... 2303 . 257 245 12 
46 Grand Junction, Colo.......... 1398 . 156 155 1 
Mountain Passes 
am, Calif... .......... 1745 .195 .192 3 
1042 Cold Springs, Calif............ 1839 . 205 .203 2 
Rocky Mountain Front 
42 Colorado Springs, Colo........ 1841 .205 . 203 2 
Other Mountainous Areas 
2340 262 260 2 
1805 . 202 . 200 2 
W. 205 .023 .023 0 
219 Hagerstown, Md............. 166 .019 .018 1 
214 Latayette, Colo............... 1595 .178 .176 2 
372 Steamboat Point, Wyo......... 2403 . 269 .261 8 


(This station is close to the edge of a 1000-meter drop.) 


The Pikes Peak, Mt. Hamilton, and Grand Canyon stations were in- 
cluded not as representative of any of the stations occupied on the 
profile so much as to illustrate the effect of the worst conditions where 
checks were available. For the actual traverse Table 4, based on 50 sta- 
tions completely reduced by the United States Coast and Geodetic Sur- 
vey, shows that except for two localities the effect of terrane is less than 
2 milligals at any one station, and for most stations less than half a 
milligal. 

Although the values below indicate that the terrane correction is for 
the most part small, it must be pointed out that the amount of this correc- 
tion depends to a large extent upon the field operator and his choice of 
station sites. 
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Sta. No. 


105 
112 
126 


Complete 
Bouguer Anomaly 
in milligals 


— 38 
— 42 
— 78 
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Taste 4—Comparison of simple and complete Bouguer corrections along route of 


Locality and remarks 


Coastal area 

San Joaquin Valley 

Kern River Canyon, station at base of 
vertical-walled cliff in narrow deep 
canyon 

Walker Pass (Sierra Nevada) 

West side of Owens Valley at base of 
Sierra Nevada Front 

Immigrant Pass, Panamint Range 

Death Valley 

Basin and Range area 

Basin and Range area 

Basin and Range area 

Basin and Range area 

Great Salt Desert, Utah 

Great Salt Desert, Utah 

Wasatch Mountain Front 

Wasatch Plateau 

Uinta Basin 

Uinta Basin 

West side of Rocky Mountains 

Glenwood Springs, Cole., mouth of 
canyon of Colorado River 

Rocky Mountain area 

Rocky Mountain area 

Loveland Pass 


Denver Basin 
Eastern Colorado 
Western Kansas 
Western Kansas 
Central Kansas 
Eastern Kansas 
Eastern Kansas 
Western Missouri 
Ozark Uplift 
Illinois Basin 


Ohio 


Western Pennsylvania 


Atlantic Coastal Plain 


762 
a traverse 
e eff. 
0.1 
—0.2 
17.1 
135 —124 
139 —186 
147 —133 
151 —109 = 
158 —150 = 
177 —224 - 
200 —215 
205 —187 
210 
216 —168 _ 
223 —192 
232 —216 
245 —205 ~ 
258 —208 
275 —223 
282 —252 
291 —269 
297 —293 
300 —289 
313 —193 
320 ~170 : 
328 —161 d 
333 —158 
: 342 —126 
353 — 83 t 
364 — 57 C 
373 33 
378 6 t 
382 
306 st 
406 Ol 
416 
423 
434 
445 
456 
470 
488 su 
524 th 
534 
544 ge 
| 548 i 
556 18 
568 
1683 B 12 
1919B 13 
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Judicious location of the station so that the immediate terrane is 
relatively flat controls the terrane correction, since the terrane effect 
decreases very rapidly with distance from the station. This is illustrated 
in Table 5 in which the dimensions and distances of concentric blocks 
about a station exerting the same gravitational effect of the station are 
given. These are based upon Hammer’s (1939, p. 190) zones and tables 
for terrane correction with an assumed density of 2.0. 


Taste 5.—Terrane effects of 0.1 milligal 


z Inner Radius Outer Radius Elevation difference 
— (in feet) (in feet) (in miles) (in feet) 
B 6.6 54.6 8 
C 54.6 175 20 
D 175 558 32 
E 558 1280 (.24) 64 
F 1280 2936 (.55) 110 
G 2936 5018 (.95) 180 
H 5018 8578 (1.62) 240 
I 8578 14662 (2.78) 313 
J 14662 21826 (4.14) 512 
K 21826 32490 (6.15) 625 
L 32490 48365 (9.14) 762 
M 48365 71996 (13.62) 932 


From these values it is seen that the total terrane correction for a 
station at the top of a conical hill or at the bottom of a circular depression 
of the above dimensions would amount to 1.6 milligals, assuming the 
density of the material to be 2.67. 

As no terrane correction was made for the observations on this 
traverse other than for the 50 stations reduced by the United States 
Coast and Geodetic Survey the areas where this correction would amount 
to .5 milligal or more have been indicated on the elevation profile, by 
stippling the elevations of the adjacent topography likely to affect the 
observations. Table 4 for the 50 stations corrected can be used as a 
gauge for the probable corrections in various areas. 

ISOSTATIC REDUCTIONS 

These corrections for latitude, elevation, and included mass, with the 
supplementary terrane correction (only infrequently applied), constitute 
the standard reductions commonly applied to gravity observations for 
geologic work In geodetic investigations an additional correction for 
isostatic compensation is applied. 

The isostatic reduction is based upon the theory that each rise of 
topography above mean sea level is compensated by a deficiency in the 
mass of the underlying crustal column, as compared to a standard 
column with zero elevation; similarly, in oceanic areas an excess of 
mass in the underlying column compensates for that portion of the 
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column occupied by the sea. Under the Pratt Theory of Isostasy, adopted 
by the United States Coast and Geodetic Survey, all crustal columns are 
assumed to have the same mass above an assumed depth, and surface 
relief is compensated by varying the density of the basal column down 
to this depth. The depths of compensation adopted are 56.9, 96 and 
113.7 kilometers. 

Under the Airy Theory of Isostasy the crustal blocks have a fixed 
density but maintain their surface elevation differentials by compensating 
downward projections which displace denser substratum material. - This 
theory is referred to as the “roots of mountains” theory, since it visualizes 
that crustal blocks float in a dense medium as blocks of ice float in 
water. The Pratt Theory, on the other hand, is generally associated 
with the idea that the mountains stand high because they are light. 

From the standpoint of the isostatic correction it makes little difference 
which theory is assumed, and perhaps neither represents the true condi- 
tion. Mathematically the Pratt Theory lends itself somewhat more 
readily to making the reductions. The correction is applied as in the 
complete Bouguer reduction based upon the same formulae of attraction, 
the only difference being the sign of the correction and the density value 
used. The latter is determined by the ratio of the observed elevation to 
that of the depth of compensation times an assumed normal crustal density 
of 2.67 for land areas. The isostatic correction reduces the large negative 
gravitational residuals encountered in mountainous regions after making 
the Bouguer correction. In areas of low relief the correction is small as 
compared to the residual values based on the Bouguer reduction. The 
main geologic value of the isostatic residuals is the indications of the 
degree of surface topography compensation; large regional residuals indi- 
cating incomplete compensation and possible stress conditions in the earth’s 
crust or large subsurface rock masses increase with strong density 
contrasts. Which prevails cannot be determined from the gravity data 
alone, and in general it is best to remember that the Bouguer anomalies 
reflect the true mass distribution, and that the isostatic anomalies are 
merely an attempt to explain theoretically the large Bouguer variations. 
The correlation between the Bouguer values and elevation has led many 
not familiar with gravity reductions to assume that these values are con- 
trolled solely by the crustal column above sea level. Actually, the 
Bouguer anomalies are controlled by the crustal column below sea level 
since the effects of elevation and mass above sea level have been cor- 
rected for in deriving them. The large Bouguer negatives in areas of 
high elevation reflect the presence of a greater thickness of light material 
below sea level in these areas (presumably the thickness of the upper 
granitic crust). In assuming Isostasy we try to explain away this mass 
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of lower density either by varying the crustal density under the Pratt 
Theory or the crustal volume under the Airy Theory. The resulting 
anomalies are wholly theoretical. They do remove the bulk of the major 
geologic control in Bouguer anomalies—the thickness of the upper crust— 
but they also introduce errors in that they over- or undercompensate 
locally. They are therefore less reliable for geologic correlation with 


. surface or near-surface features than the Bouguer values. 


GRAVITY ANOMALIES 


Anomalies refer to the differences between an observed value of gravity 
on an absolute basis and the theoretical value determined by the Inter- 
national Formula for the latitude and elevation of the station. To put 
a survey on an absolute basis it is necessary to tie to some station such 
as a United States Coast and Geodetic Survey pendulum station, whose 
absolute value is known, and relate all values to it. The values then 
are expressed in terms of the actual terrestrial gravitational acceleration. 
Only one absolute gravity determination has been adopted for general 
use—that at Potsdam, Germany. The Washington value, for example, 
to which all values in this country are relative, is itself relative to 
Potsdam. 

The Free Air anomaly indicates that the theoretical value includes 
no reductions other than for latitude, as determined by the International 
Formula, and the correction for the elevation of the station. These 
anomalies have no geologic value except in areas of low relief where they 
yield broad qualitative information. The Bouguer anomalies, on the 
other hand, include the effect of mass variations above sea level and 
indicate the subsurface mass distribution caused by geologic factors. The 
control apparently varies from: (1) the thickness of the upper crust which 
is believed to be reflected in the positive anomalies of oceanic areas, as 
contrasted to the negative values of the continents; to (2) the configura- 
tion of the interface between the upper and lower crustal material evi- 
denced by the island are anomaly strips and the marked gravity defi- 
ciencies associated with the major mountain ranges; to (3) the extremely 
small effects, perhaps less than a milligal, associated with buried salt 
domes in the Gulf Coast. 

After the determination of the Bouguer anomaly values the relevant 
portion of the observed anomaly must be extracted. Part of the Bouguer 
anomaly, and frequently the major part, can be removed by making 
the isostatic reduction, but, before any correlations with near-surface or 
surface geology can be attempted, generally a correction must be made 
for large subsurface mass variations deep within the earth’s crust and 
for near-surface intrusions differing markedly in density from the surface 
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rocks. This correction is made by approximating the regional trends 
from iso-anomaly contour maps or profiles, and substracting the contours 
of such an approximated surface from the observed anomalies. In prac- 
tice the isostatic effect is generally included in this regional subtraction 
without going through the labor of making a separate reduction for it. 


REDUCTION OF MAGNETIC DATA 


The magnetic data must be corrected for temperature and for the 
changes in the earth’s magnetic field during the day. The effect of 
increasing magnetic intensity as the earth’s magnetic poles are ap- 
proached also necessitates a latitude correction. This can be determined 
from United States Coast and Geodetic Survey maps which show lines 
of equal magnetic intensity as of a fixed date, and which can be cor- 
rected to the date of the survey from the lines of equal annual change 
which are also shown. The overall change in magnetic intensity ob- 
served from Coast to Coast checked very closely with the calculated 
value from these charts (PI. 2, “B”). 

As with gravity reductions, certain areas are characterized by large 
regional magnetic anomalies, the effect of which must be subtracted to 
establish a correlation with near-surface geologic controls. These regional 
anomalies are believed as a rule to be related primarily to deep-seated 
polarization changes and also to incomplete corrections for changes of 
the earth’s general field with latitude and longitude. 


GRAVITATIONAL AND MAGNETIC RESULTS 
GENERAL STATEMENT 


Plate 1 shows the gravitational and magnetic profiles after correcting 
the observed gravity data on an absolute basis for latitude for elevation, 
and for the simple Bouguer mass distribution, so as to yield Bouguer 
anomalies, and the observed magnetic data relative to Morro Bay for 
magnetic latitude. The position of the profile and its relation to the 
surface geology traversed is shown in plan, as well as the configuration 
of the basement crystalline surface along the line of traverse. The latter 
is based upon the map prepared by W. T. Thom, Jr. for the American 
Geophysical Union. The general effect of the terrane correction as 
compared to the simple Bouguer correction is also indicated as well as 
the isostatic anomaly values which were determined by subtraction of 
the isostatic correction curve based on key stations reduced by the United 
States Coast and Geodetic Survey from the Bouguer anomaly curve. 
For comparison the residuals after subtraction of the Bouguer regional 
curve are also shown. This plot gives a comprehensive idea of the size 
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and width of the anomalies encountered and their relation to the funda- 
mental geologic structures crossed. No correlation could be expected 
with small geologic features because of the station spacing. The most 
outstanding points are: (1) the great degree of change encountered in 
the gravitational and magnetic data as compared to the relatively few 


TasLe 6—Comparison of isostatic correction for 113.7 and 56.9 kms. compensation 


US.C. & GS. 113.7 Kms. 56.9 Kms. Difference 


Sta. No. Location Compensation (Mgals) (Mgals) 
28 11 —17 
— 65 — 83 —18 

—196 —217 —21 
48 Pleasant Valley, Utah........... —217 —237 —20 
46 Grand Junction, Colo........... —201 —204 - 3 
45 ‘Gunniston, Colo................. —261 —281 —20 
276 Idaho Springs, Colo............. —190 —191 - 1 
— 220 —231 
City, Mo... — 29 — 29 0 
Sy Ind: .............. — 21 — 25 
— 24 — 31 
105 State College, Pa............... — 27 — 34 -—7 
9 - 15 — 6 
962 Lavallette, N. J................ 15 7 8 


geologic features crossed; (2) the lack of obvious agreement, on the 
whole, between these data and the geologic features crossed; and (3) the 
large and widespread regional effects upon which the local anomalies are 
superimposed, 
GRAVITY RESULTS 

If the regional trends indicated on the profile are sketched in, a some- 
what exaggerated inverted image of the elevation profile is obtained. 
This when compared with the isostatic correction curve, indicates that 
the bulk of these regional trends apparently represents the amount of 
isostatic compensation present and that the anomalies indicated by this 
regional curve are approximately the amount of the isostatic correction. 
The depth of compensation used in determining the isostatic correction 
curve shown is 113.7 kilometers; with a shallower depth of compensa- 
tion, as 56.9 kilometers, the agreement between the amount of the isostatic 
correction and the regional Bouguer anomaly value would be even closer 
as is indicated in Table 6 which compares the amount of the isostatic 
correction on these two bases. 
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The difference between the Bouguer residuals, after subtracting the 
generalized regional curve, and the amount indicated for the isostatic 
value can probably best be atrributed to three causes: (1) choice of 
depth of isostatic compensation; (2) lack of isostatic equilibrium, which 
may indicate crustal stress conditions; and (3) effects that may be 
ascribed to the regional geologic features. 

If we accept the general correlation of the regional Bouguer gravity 
anomaly curve with the isostatic effect, then, under the Airy hypothesis, 
the regional curve will reflect the thickness of the light upper crust, 
or, under the Pratt Theory, possible changes in physical state with 
accompanying decrease in density. Corroborative evidence is very lim- 
ited as determination of the thickness of the upper crust, by earthquake 
seismology, for instance, has not been made except in a few areas. 

However, the data available along the line of traverse indicate that 
for the upper seismic discontinuity, associated in seismological literature 
with the bottom of the granitic layer, there is a depth of 15 kilometers 
in New Jersey, 16 kilometers in Missouri, 14 kilometers in southern 
California, and 9 kilometers in central California. The total thickness 
of the crust has been estimated to be between 30 and 40 kilometers 
on the eastern seaboard, 29 kilometers in Missouri, 39 kilometers in 
southern California, and 32 kilometers in central California. These 
data are not very conclusive, although direct agreement is suggested 
between the total crustal thickness values and the amount of the 
isostatic correction (the thinner the crust, the smaller the correction). 
Additional seismic evidence comes from the findings of Byerly (1939, 
p. 2025) which indicate that the Sierra Nevada is underlain by a zone 
of low-velocity material approximately 70 kilometers deep. 

A qualitative check is also available from the gravity data itself 
in the Rocky Mountains where the departure of both the regional Bouguer 
anomalies and the amount of the isostatic correction is marked (PI. 1). 
If we treat this strong negative departure as an isolated gravitational 
effect superimposed upon the continental regional curve and reflecting 
the degree of subsurface compensation for the upward projection of 
the Rocky Mountains we can compute a possible mass distribution 
that would give the observed effect. On the basis of the half width of 
the anomaly, a relationship to be discussed in more detail later, the 
amplitude of the anomaly departure, the geometric form approached 
by the subsurface mass (here assumed to be a horizontal cylinder), 
and the probable density differential between the mass and the ad- 
jacent materials, we find the following values: maximum depth to 
the center of gravity of the mass, 222,000 feet; for an assumed density 
differential of .5, granite to gabbro, the radius is 57,600 feet, and the 
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depths to bottom of the granitic crust on the flanks 50 kms., and 85 kms. 
under the center of mountain massifs. Although these values are only 
approximations for the case of maximum depth, they appear to sub- 
stantiate the seismic evidence observed in the Sierra Nevada. 


MAGNETIC RESULTS 


Regional magnetic results—As with the gravitational results the 
magnetic data consist of a series of marked variations superimposed 
upon greater regional variations. The significance of all these regional 
changes probably cannot be explained in terms of geology, as most 
of them are probably attributable to incomplete or overcorrection for 
magnetic latitude, as is indicated by curves “A” and “B” of Plate 2, 
“B”. The correction, as explained earlier, is based upon calculated 
secular changes in the earth’s magnetic field for stations for the most 
part occupied many years ago. Further, the stations are about 25 
miles apart on the average, and in many areas it would be quite possible 
to get a very erroneous magnetic picture from such a station distribu- 
tion. In New Jersey, for instance, reoccupations of four magnetic base 
stations—Mt. Rose, Trenton, Hightstown and Lakewood—showed the 
following values relative to an arbitrary base on which a regional survey 
of the State was based: Mt. Rose, plus 760 gammas; Trenton, plus 37 
gammas; Hightstown, plus 21 gammas, and Lakewood, minus 363 
gammas. However, the same survey showed a regional value of 2200 
gammas only half a mile from the Mt. Rose station, 1200 gammas only 
a mile from the Trenton station, 1000 gammas a mile from the Hightstown 
station, with only the Lakewood station being fairly typical of the 
area in which it was located. A slight change in position of any of 
these stations except Lakewood would give an entirely different picture 
of the regional magnetic variation, and the writer therefore prefers 
not to place any geologic significance upon the regional curve indicated 
but stresses that the residual anomalies left after subtracting the 
generalized regional curve are believed to be due entirely to geologic 
causes. 

RESIDUAL ANOMALIES 

On the Gravity Profile the residual anomalies left after removing 
the first order control, the regionai curve, may be considered as regional 
anomalies. These anomaly areas average about 40 miles wide. In 
geophysical exploration it is these residual effects that are commonly 
referred to as the “regional”, since the scale of the features of com- 
mercial importance,—salt domes and faults—is generally in terms of 
feet or 1 or 2 miles, which are superimposed upon the above effects. 
In correlating these regional residuals with geologic features of com- 
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parable size, as the Nemaha Ridge and the Uncompaghree Uplift, we 
find in crossing the Nemaha Ridge that the total effect for this dis- 
placement of the basement of about 5000 feet is only 2 milligals, or 
around 4 per cent of the observed regional anomaly. Lack of contrast 
between the density of the granite basement complex and that of the 
overlying Paleozoic sediments explains this. 

The Uncompaghree Uplift lies on the south side of the Uinta Basin 
with about 11,000 feet relief, and a marked gravitational high occurs 
over it. The departure from the regional curve is about 30 milligals. 
Since the Uinta Basin here is about 12,000 feet deep the density of the 
shales below 10,000 feet, according to the compaction curve of Athy 
(1930, p. 23), will approach that of crystalline rock. However, the 
average density value for the entire column would be about 2.45. As- 
suming a density for the crystallines of 2.67, we find that for the 
observed gravity anomally, 30 milligals, and with a density differential 
of .22, the effect could be attributed to a slab of material 10,500 feet 
thick. This is based upon the general relation that 1000 feet of ma- 
terial of density 1.0 will have an effect of approximately 13 milligals. 
Since the massif rises 11,000 feet above the basin floor, the computed 
value clearly indicates that this anomaly can be attributed entirely to 
the geologic structure. If the Nemaha Ridge were in this area rather 
than in Kansas it would probably have been characterized by a gravity 
anomaly of about 9 milligals. This is based on the assumption that 
compaction at the lower level of its occurrence would make the density 
contrast only about .11. To carry this picture further, if we can visualize 
a marked basement uplift, such as the Nemaha Ridge, in the dense 
Ordovician limestones of the Ozark Uplift, we might even obtain a 
gravity minimum over the structures, as the average limestone there 
has a density of 2.78 as compared to 2.67 for the crystallines. 

These examples, it is believed, will indicate the possibility of gravita- 
tional values reflecting subsurface geologic structure. Since many of 
the large anomalies observed in the residual values cannot be correlated 
with any known geologic phenomenon we must attribute them to features 
deep in the earth’s crust. 


DEPTH AND SIZE OF DISTURBANCE 
HALF WIDTH VALUE 
In general no gravitational or magnetic anomaly can be caused by a 
body as wide as the observed width of the anomaly itself, and the depth 
to the center of mass of the disturbance cannot exceed the “half width” 
value—the horizontal distance from the center of the anomaly area to 
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the flank at the position where the amplitude of the anomaly is half the 
maximum value (Fig. 3). 

Since the form of the anomaly curve in both gravitational and mag- 
netic measurements is controlled by the shape and size of the body, its 


MMs 


Ficure 3—Half width value of anomaly curve 


Half width, x, is equal to maximum depth to center of mass at point of half maximum 
anomaly amplitude. 


attitude, density or magnetic susceptibility contrast, and depth of burial, 
and since any single anomaly pattern can be duplicated by an infinite 
number of combinations of these variables, the plotted curves give only 
a general idea of the nature of the disturbance. Figure 4 shows the re- 
sultant gravity anomaly profiles over the same body with the same 
depth of burial but different attitudes. Figure 5 shows the gravity profiles 
obtained when the same body is held in a constant attitude but its 
depth of burial varied; and Figure 6 shows several mass distributions at 
different depths with varying density values which all yield the same 
anomaly profile. 

In practice, for approximate depth calculations to the top of dis- 
turbances one of three assumptions as to the form approached by the 
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body is generally sufficient. The common forms are the horizontal cyl- 
inder, the sphere, and the normal fault. The gravitational effects of these 
approximate those of the common large-scale geologic structures. The 
actual maximum depths to the center of mass, as related to the half width 
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Ficure 4—Effect of attitude of disturbance on anomaly curve 
Resultant anomaly curves for four different positions of the same mass. After Hedstrom (1938). 


value, are as follows: For a sphere it is equal to 1.305 times the half width 
value; for a horizontal cylinder the half width value; for a fault the 
horizontal distance from the fault plane (inflection point on correspond- 
ing gravity profile) to that point on the curve where the gravity change 
is half of the total change between that at the inflection point and that at 
which gravity assumes constant value. 
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For magnetic anomalies the relations are: For a single pole, where one 
pole is buried so deeply that its effect is negligible, depth is equal to 1.305 
times the half width; for a sphere 2.0 times the half width; for a hori- 
zontal cylinder 2.05 times the half width; and for a fault the horizontal 
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Ficure 5.—Effect of depth of disturbing mass on anomaly curve 


(Resultant anomaly curves for seven different depths of burial for the same mass.) 
After Hedstrom (1938). 


distance from the center point of inflection, over the fault trace, to the 
point of maximum anomaly value. These relations refer only to the 
vertical component, with vertical polarization, which is approximated in 
the latitude of these investigations. (For the theoretical basis for these 
relations see Nettleton, 1940, p 123, 225.) 
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GRAVITY CALCULATIONS 


With the half anomaly width it is also possible to estimate the size of 
the disturbance using the value of the anomaly, and also some reasonable 
assumption as to the density contrast between the material causing the 
anomaly and the adjacent material. For a sphere this relation is deter- 
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Ficure 6—Different mass distributions yielding the same anomaly curve 
After Tsiboi and Fuchida (1937). 


mined by the formula R=0.489 JV gz*/d where g is the maximum 
amplitude of the anomaly, z the depth in kilo feet (units of 1000 feet), 
and d the density differential. For a horizontal cylinder R=.280 »/2g/d 
From the radius of the disturbances thus determined the depth to the 
top of the disturbance can be estimated by substracting the radius value 
from the depth to the center of mass as determined by the half width 
relation. However, these calculations are only approximations based 
on a probable shape and the maximum depth to the center. 

For a fault the thickness of the slab of semi-infinite horizontal extent 
can be computed from the fact that the effect of 78 feet of material of 
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density 1 is equal to 1 milligal, or 1000 feet of material of density 1. has 
an effect of about 13 milligals. From these values no very great anomaly 
can be attributed to basement configuration since the average density 
contrast, even at shallow depths, with little compaction of the sediments, 
will average only about .47 for areas of recent sediments, and around .15 
or less for areas of consolidated sediments which correspond to gravita- 
tional effects of 6 milligals and 2 milligals respectively for 1000 feet 
of relief. 
MAGNETIC CALCULATIONS 

Just as gravitational effects are due to variations in density, magnetic 
effects can be attributed to variations in polarization. Polarization refers 
to the strength of magnetic field present and is made up of induced polar- 
ization due to the present field of the earth and permanent polarization 
inherent in the material and varies with the magnetic susceptibility of 
the material. The polarization value of sediments is usually so very 
much less than that of the igneous rocks that in general measurements 
primarily reflect the configuration of the underlying igneous rocks and 
variations in their polarization. 

The depth to a disturbance as expressed by the half width relation 
of the anomaly to certain geometric forms was discussed in connection 
with the half width values. Which of the geometric forms is applicable 
must be ascertained from other data. 

For vertical polarization in the Northern Hemisphere any disturbing 
body can be visualized as having a series of negative and positive poles 
produced along its upper and lower surfaces. The net effect of these will 
always have the sign of the upper negative poles, but the amount will 
vary with the distance between poles, which depends upon the thickness 
of the body. 

Under such a concept, crossing a finite slab, cylinder, or sphere of 
material of different magnetic susceptibility from the adjacent material, 
a symmetrical high with a maximum value over the center of the body 
will be obtained. Actually, with a slight inclination of the Earth’s field 
the figure will show a steeper gradient in the direction of dip, and if 
buried deeply its surface reflection will be offset as if it had been pro- 
jected along the line of dip to the surface, and probably will show a 
positive and negative area corresponding to the poles. 

However, different positions of the disturbance relative to the earth’s 
field produce various anomaly patterns. The true conditions can only 
be surmised from patterns developed for certain fixed conditions. A 
possible pattern can be determined by the values of the solid angle 
subtended from a point to the upper and lower pole surfaces. Where 
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the angle from the upper surface of South poles predominates the values 
will be positive; where the angle from the lower surface of the North 
poles predominates the values will be negative. In a fault where one 
edge of the surfaces assumes an infinite location a negative form will 
always occur on the downdropped side followed by a high just across 
the fault trace on the upthrow side. At a short distance back from the 
edge the two effects are so nearly equal that the value is essentially zero. 
These effects have been taken up and will be referred to in interpreting 
the results of the traverse. Another generalization to be noted is that 
anomalies arising from near-surface conditions are, as a rule, sharp, while 
those of deeper origin are broad. 

As to the effects that may be related to basement configuration rather 
than changes in lithology, Nettleton (1940, p 221) has shown that fors 
long body with width equal to its depth of burial, relief equal to one 
fourth of its width, and a polarization contrast of about the maximum 
possible value, 0.003 c.g.s. units, the observed effect would be only about 
150 gammas. 

To compute the maximum vertical magnetic intensity anomalies for 
different bodies Nettleton (1940, p 208) derived the following formulae: 
For the effect of a sphere: V= — where F is the radius of the 
sphere z the depth to center based on the half anomaly width, I the 


polarization contrast. Similarly for a horizontal cylinder: 


For the effect caused by an abrupt change in polarization with vertical 
boundary: V = 2x (Ia —Ib) where the values of J are the respective 
polarization values. The change from granite to gabbro, for instanee, 
would be 27 (.0016 — .0043) equal to .017 oersted or 1,700 gammas. This 
would be about the maximum value that could be associated with the 
common rock types. Higher values must represent rocks with extraor- 
dinary concentrations of minerals of high magnetic susceptibility, such 
as magnetite and ilmenite. 


RELATION OF RESIDUAL ANOMALIES TO GEOLOGY 
GENERAL STATEMENT 


The significance of the bulk of the observed gravity anomaly values, 
as represented by the regional curve, has already been referred to in 
connection with an apparent isostatic effect. However, because of our 
lack of knowledge as to the completeness of isostatic compensation, there 
is no feasible method of ascertaining how much of the difference between 
the regional gravitational curve and the computed isostatic effect can be 
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attributed to regional geologic structures. Similarly, the marked varia- 
tions in basement and sub-basement lithology seems to preclude correla- 
tion of the residual gravity values to regional structure. Any estimate of 
the gravitational effect of most regional geologic structures must be based 
upon assumed density contrasts. 

That the average effect for regional geologic structures in the eastern 
half of the country will be small is indicated by the density values of the 
observed formations. The average limestones have a density value of 
2.78, the sandstones about 2.55, and the shales range from 2.5 to about 
2.68. The crystalline rock, on the other hand, averages about 2.67. 
Therefore, in general, no marked density differential can be expected 
between areas of uplift and sedimentation where these formations pre- 
dominate. The Cincinnati Arch, for instance, will be reflected differen- 
tially according to what type of rock predominates in the overlying 
crustal column. That the anomalies may even have inverse relations 
to structure has already been pointed out in connection with the theo- 
retical effects on the Ozark Uplift. 

For the western half of the country with the sedimentary basins oc- 
cupied with recent rather than Paleozoic sediments the density differ- 
ential between the crystalline rocks and the sediments is sufficient to 
reflect the geologic structure in the gravity measurements. The density 
value of the sediments of the San Joaquin Valley, for instance, averages 
2.1 to 2.3. 

Therefore, the residual anomalies, the values departing from the re- 
gional curve, reflect the geologic structure fairly well west of the Rocky 
Mountains but only to a minor extent east of the mountains, the large 
gravitational changes to the east being related primarily to lithologic 
variations in the basement. With the magnetic values controlled by 
polarization effects, the structural reflection is only slight, and the 
majority of the anomalies are due to polarization changes associated 
with lithologic variations. The data do, however, check the interpreta- 
tion of the gravity results. 

Although an attempt will be made to interpret most of the anomalies, 
the station spacing does not permit more than segments of many anomaly 
forms to be indicated, and the true form may not agree at all with the 
form assumed in the interpretation. One-point departures, for instance, 
may even be erratic values. All interpretations should be regarded en- 
tirely as suggestive rather than conclusive since, as pointed out earlier, a 
single solution is never possible from only gravitational and magnetic 
data. 

In discussing the curves, the term anomaly will be used not in the 
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technical sense of representing the difference between the theoretical] 
and observed values, but rather in its more general meaning as indicating 
a departure of the values from the norm represented by the regional 
curve, and shown as a broken line in the figures. 


CALIFORNIA—NEVADA DETAIL 


At the first station on the profile, station 100 at Morro Bay, the mag- 
netic high noted is probably related to the igneous rocks which form the 
monolith, Morro Rock, in Morro Bay. 

Between stations 104-105 and 109-110 faults of the San Andreas 
system were crossed, and, although the station spacing was not designed 
to show up such features, it is perhaps significant that when better con- 
trol is obtained, as was true in the first case here, though not in the 
second, the magnetic curve indicates a high on the northeast side of the 
fault. This is mentioned since this relation has been referred to by 
Heiland (1940, p. 425) in connection with a detailed magnetic survey 
over the San Andreas fault zone. 

The marked break in both sets of data at station 112 is believed to 
be due to the sharp boundary of the San Joaquin Valley basement floor 
which has been estimated to drop off 40,000 feet on the west side. With 
a residual gravity anomaly here of about 38 milligals, the mean density 
differential for the sedimentary column as compared to the basement 
complex would have to be about .075, a value not improbable, for below 
10,000 feet the shales might well be compacted to yield values equal to 
if not exceeding the density of the crystallines. 

The marked high in both sets of data on the eastern side of the San 
Joaquin Valley, centering at about station 120, is apparently an extension 
of a similar feature observed on the east side of the Sacramento Valley 
by the United States Coast and Geodetic Survey on a pendulum traverse. 
As this is one of the three major positive gravity anomalies encountered 
on the transcontinental traverse, an approximate calculation as to the 
depth and cause of the anomaly is in order. Three possibilities appear: 
(1) a change in basement lithology; (2) a ridge of normal crystallines; 
or (3) a ridge composed of different lithology. However, in the light 
of current geologic knowledge from drilling, the latter two hypotheses 
are improbable as the basement floor is believed to slope off uniformly 
westward. Therefore, on the basis of the first assumption, and with a 
half width value of about 8 miles and an amplitude of 49 milligals, we 
can calculate the size of the body on the basis of a horizontal cylinder 
with a density differential of .83 (granite to gabbro). The radius of the 
body would then be 23,300 feet, and the top would be 19,000 feet below 
the surface. 
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A rough check is possible by using the amplitude of the magnetic 
anomaly obtained here as a gauge, and by computing the magnetic effect 
of the body indicated in the gravity calculations for the same rocks 
(gabbro and granite). The polarization contrast is .0016—.004—.0027, 
and with the constants of the gravity figure the computed anomaly is 
§l4y. However, the observed value is only about 250y, therefore 
the rocks present were not those postulated, or they did not have the 
density contrast or magnetic polarization assumed. Since the depth 
based on the gravity data, a maximum, is reasonable, the polarization 
values used must be in error, probably because the granodiorite present 
has a higher polarization value than that of granite used in the compu- 
tation. Johnston (1940, p. 1395) concluded that the gravity high in the 
Sacramento Valley, which appears to be an extension of this one, is also 
due to basic rocks. 

Two highs are noted in the Sierras in both sets of data at stations 131 
and 136 for which no surface geological correlation could be made, and 
these must represent lithologic variations. 

The downwarp in the gravity profile from station 138 to 140 is along 
the strike and is part of the regional effect of the Sierras plus the change 
from basaltic lavas at station 138 to sedimentary fill at station 140. 
The high at station 145 in both sets of data occurs on the crest of the 
Inyo Range and is believed related to the basaltic lava flows. 

Lavas apparently cause the magnetic anomaly at station 149, but 
the gravity anomaly is at least partially due to terrane. 

A small high in both sets of data is indicated at station 152 in Death 
Valley. Closer station spacing should make possible an indication as to 
the maximum depth of the disturbance which might be of value in working 
out the geologic structure of the area. 

The break in the profiles between stations 158 and 162 is due to the 
off-set projection of the profile (Pl. 4). 

The magnetic variations from station 167 to 198, excepting stations 
169 and 170, are believed to be due to surface volcanics. The gravity 
and magnetic high at station 193 apparently is associated with the 
ultrabasic intrusive in the Paleozoic sediments. The high from station 
169-170 probably reflects the underlying geologic structure and the 
thickness of recent sediments. The average density of these is probably 
about 2.2, giving a density contrast of about .45 with the Paleozoic 
formations bounding the basins. Using this and the value of the residual 
anomaly (here 20 milligals), the basin is approximately 3300 feet deep; 
this value appears reasonable and would indicate that the anomalies 
here are controlled primarily by the variations in sedimentary cover 
with high values over the outcrop of Paleozoic formations as noted. 
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This is borne out by the other gravity highs in the Basin and Ranga 
area as at stations 163-164, 166-167, 174-175, 186-187, all of whigh 
occur on actual outcrops of Paleozoic formations with the interveningl 
stations in sedimentary basins giving low anomaly values. The 
presence of volcanics, mostly acidic, apparently does not materialigg 
affect the gravity results, probably both because of relatively lowm 
density contrast and rather thin sheets of lava. Although station 16% 
lies in the covered area the exposed geological outcrop pattern to thi 
southwest indicates a possible structural high here. 


NEVADA—UTAH DETAIL 


This area is geologically a continuation of the one just considere@ 
and the western half exhibits features similar to those already commentég 
upon. 

The gravitational changes from station 194 to 199 are along the strikgy 
of the structure and are believed to reflect the varying thickness om 
the sedimentary cover. The marked magnetic high at station 199 mam 
be related to a deep-seated effect, although possibly the control 4 
from volcanics which in part underlie the sediments, with a high vahigg 
occurring on the exposure. . 

The gravity high at stations 203, 204, and 206 apparently again me 
flects varying thickness of light sedimentary cover since these hight 
occur on the Paleozoic outcrop. Judging from the outcrop geologil 
station 202 should be high, like stations 200-201 just to the southwesi™ 
The fact that this station is low and that a basin cuts across the rangaam 
at this point probably indicates a down-dropped fault block, with tii 
station on the downthrown side reflecting the low density of a cons 
siderable thickness of sediments. 

In the Great Salt Desert from station 207 to 217 a broad even-toppemm™ 
gravity high is believed to reflect the presence of a considerable thick 
ness of anhydrite. This is based on the location—the center of wha 
was formerly Lake Bonneville—and the fact that anhydrite is the onl 
common saline precipitate of high density (2.9-3.0). With the arg 
covered by any marked thickness of this material the average columim 
density would be about that of the Paleozoic blocks, which might evel 
show up as gravity lows. 

The magnetic profile in this area shows a slight high at station 209: 
and another at station 21114. Their amplitude is about the same @ 
that for the highs at stations 205, 217, and 221, all of which apparent 
are related to the configuration of the basement rocks as indicated 
the outcrop pattern. Their amplitude also serves as a gauge of i 
relative effect in this area of structural control versus the lang 
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eflects associated with the surface volcanics in Nevada. Therefore, 
the magnetic highs at stations 209 and 211% are believed to reflect 
buried Paleozoic blocks beneath the salt, and such an interpretation 
would fit very well with the outcrop pattern for those ranges which 
disappear beneath the salt to the south and southwest. The gravity 
profile does not reflect these structures but does reflect those at stations 
217, 221, and 225, because to the east the salt area gives way to normal 
mountain wash from the Wasatch Mountains, which again establishes 
the density contrast noted west of the Salt Desert. 

There is no obvious explanation for the slight magnetic high at stations 
223 and 224. 

The general high in both sets of data extending from station 225 to 
228 is believed to reflect the thin veneer of sediments over the Paleozoic 
formations exposed between stations 225 and 226. 

The values from stations 229 to 235 are thought to be related to 
the depth of sediments along the Wasatch Mountain front. From this 
point eastward the control of the anomalies appears to be somewhat 
deeper. 

The marked gravity high reaching a peak at station 244 occurs over 
a spur from the northern cupola of the Uncompaghree Uplift, as indi- 
cated by the geologic outcrop pattern. The significance of the magnetic 
highs flanking this gravity high is not obvious. They may reflect up- 
ended sedimentary formations of high magnetic polarization but do not 
appear to be edge effects of the crystalline prong crossed, although such 
an interpretation is possible with a strong polarization contrast and fault- 
like boundaries of a wide surface. Similarly the high in both sets of 
data at station 250 appears to occur over a secondary spur from the 
crystalline massif. 

The magnetic high at station 253 may be an erratic, but that at stations 
261 and 262 appears to be related to the edge of the main cupola of the 
Uncompaghree Uplift. The gravity profile here agrees very well with 
geologic data, and the agreement of the theoretical effect of the Uplift 
with the observed value of the anomaly has already been discussed. 


COLORADO DETAIL 

In an area of Eocene sediments, the marked magnetic high at station 
275, appears to be deep-seated, and if it is the effect of a single pole— 
which, in view of the magnitude of the anomaly (1000 gammas), appears 
reasonable—the depth to the center of mass is approximately 41,200 
feet. This same effect may be given by a much shallower body, but in 
the absence of other data the only depth estimate that can be given 
is for the maximum value. 
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The magnetic high at station 282 is probably related to the volcanicgyg 

The control of the high in both sets of data at station 285 is nog 
obvious, and on the basis of the present station spacing cannot definite} 
be related to the structure pattern mapped. 

The gravity high at stations 290 and 291 appears to be due to them 
thinning of sediments over the crystalline massif. The high on th 
magnetic profile over this area may be related to the same feature. 

The magnetic and gravity high at station 294 appears to be related t@ 
a variation of lithology along the west side of the crystalline massif. Thig§ 
is similar to effects noted in crossing the Sierra Nevada batholith. 

That the magnetic values at stations 302 and 303 appear to form @@ 
single anomaly pattern is believed to be coincidental, as the former 
occurred in an erea of magnetite float that gave erratic values. The 
value at 303 is associated with the intrusion which also appears to beg 
reflected in the gravity values. 

The high in both gravity and magnetic data culminating at station 
307 appears, at first, to be related to the gneiss making up this part ofg 
the Rocky Mountain front. However, it may represent a denser basi¢ 
rock mass at depth, which is perhaps the source of the basaltic lava flows 
that form the cliffs to the eastern side of the valley at Golden (station@ 
388). Determining the depth to the center of mass for both anomalieg@ 
on this assumption, we find for the gravity high that the half width value 
is 4.5 miles, and for the magnetic high, 4.4 miles. If the assumption of 
a basic rock mass at depth is correct the form of the body is immaterial™ 
but if the half width values are significant, and the form which gives@ 
the same depth for both sets of data is probably the correct one, the body 
must be a sphere with a single pole effect. A horizontal cylinder, howevery@ 
would approximate the same conditions. Assuming that it is a sphere 7 
the depth to the center of mass is 31,000 feet, which would place the top™ 
above the level of the bottom of the Denver Basin (about 22,000 feet 
deep). Under such a hypothesis, however, the effect that might be ex=@ 
pected for the density contrast between the gneiss of the mountain frontg 
and the sediments of the Denver Basin is entirely missing. As this effect™ 
should be real, here, the regional effect may be better visualized aga 
passing through stations 307 to 317, indicating station 308 at the bottomg 
of a low. Under this interpretation the negative anomaly of 20 milligals@ 
represents the density contrast from the basin to the mountains. Form 
22,000 feet of material this is 0.7 which is consistent and seems moreg 
plausible than the first interpretation. 

At station 316'a large magnetic high has an indicated maximum depth 
to the center of gravity of practically 16.3 kilometers (53,400 feet), which 
puts the possible source of this disturbance at the lower level of the 
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upper granitic crust as determined by seismic data. Although not too 
well defined there appears to be a counterpart in the gravity data with 
the same indicated maximum depth. 

Local anomalies on both sets of data are seen at stations 322 and 326. 
These small anomalies may be related either to the basement configura- 
tion or small contrasts in basement lithology, since greater changes would 
be expected for very marked lithologic variations. The larger and more 
pronounced anomalies at station 320 are probably associated with changes 
in basement lithology. 

KANSAS DETAIL 


The western Kansas area is characterized, for the most part, by 
relatively strong magnetic changes with only slight local variations in 
the gravity values. Points of agreement in the two sets of data appear 
to be at stations 341, 335, 363, and 367. Most of the disturbances appear 
to be at a common depth as indicated by the half width value. Using 
the magnetic data the maximum depth to the center of mass is approxi- 
mately 7.7 miles, but since the average amplitude is only 200 y they may 
be related to basement configuration, although this is questionable, es- 
pecially for the high at 552 with 600 y amplitude. 

However, if we may use the Nemaha Granite Ridge as a guide for this 
area, for the 5000 feet of displacement there is no magnetic pattern that 
ean definitely be correlated with it, although it is suggestive that station 
388, about on the fault trace, is an inflection point. Certainly the degree 
of magnetic relief is no guide since sharper anomalies occur on the down- 
thrown side rather than on the upthrown. If the granite involved in this 
fault block is normal for the area the changes noted on the magnetic pro- 
file are nearly all related to changes in polarization accompanying 
changes in basement lithology, and not configuration effects. For marked 
changes in lithology and polarization, as for instance to gabbroic rocks, 
& corresponding increase in density would be expected, and this appar- 
ently is the case for station 367 and certainly for station 378. 

At station 363 the half width values for the gravity and magnetic 
highs are the same, indicating a possible common control with a maximum 
depth of about 10.2 miles. The magnetic high at station 367 shows a 
somewhat greater half width value, but it is of the same order of magni- 
tude as that at station 363. 

The very strong high in both sets of data at station 378 near Clay 
Center, Kansas, appears to be related to a very large subsurface mass 
that is probably gabbro. The half width value of the gravity anomaly 
is 12.9 miles, and that of the magnetic high 7 miles. Since this high 
extends from southern Kansas into Nebraska, and possibly much farther, 
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the equations for a horizontal cylinder are applicable for computing the J 
nature of these disturbances. On this assumption the maximum depths 4 
to the center of mass for the disturbance as indicated by the two sets 
of data are 13 and 14 miles respectively. If we calculate the possible 
position of the top of disturbance on the basis of a gabbro body in granite 
with a density contrast of .33 the radius of the disturbance is 34,800 feet 
and the depth to top 33,300 feet. ; 

If the above radius is used with the same assumptions as to kind of @ 


rock, the magnetic effect, with a polarization change of .0027, is 446 @ 


gammas. The observed value is 500 gammas. 4 

To the east of the Nemaha Ridge, station 388, are three marked @ 
magnetic highs, stations 390, 393 and 397. For stations 393 and 397 @ 
there also occur weak gravity highs. Since no marked changes occur 
in the gravity profile, these very large magnetic changes must be related 
to lithologic variations other than gabbro. Professor Moore has advised @ 
the writer of ferruginous schists in the basement of this area and was 
kind enough to supply samples of well cuttings of these for susceptibility 


determination. However, the presence of considerable drill steel pre- 7 


vented reliable determinations. 


MISSOURI—ILLINOIS DETAIL 


Over the Missouri area the magnetic observations show a relatively % 
near-surface control, as evidenced by the sharp anomalies, and the @ 
source of these is believed to be in the basement lithology. However, as @ 
in eastern Kansas, gravity departures are extremely small. ; 

In this area the writer had a check on the magnetic results since the @ 
route of the traverse had been previously surveyed by the Missouri @ 
Geological Survey. This check profile, made with stations at 1-mile ¥ 
intervals, showed with slightly more detail the same large structures 
indicated here. 

Although the amplitude of the gravity anomalies is small there are ¥ 
numerous points of agreement for the highs in both sets of data which 
would indicate a possible common control, as at stations 409, 415, 418, 
425, 427, 437, 446, 449, 453, 457, 465, 468, 488, 492, and 497. 

The rather consistent half width value for the anomalies indicates 4 
fairly uniform depth to the disturbances and, as the average amplitude is @ 
much the same, would indicate repetitions of the same kind of rock rather 
frequently, with occasional, very marked changes in at least the polariza- 4 
tion values. The density variations apparently remain small over the J 
entire area, as reflected in the amplitude of the gravity departures. 

Although the general regional gravity anomaly curve is believed to 
represent primarily the isostatic effect, for this area at least, there are 
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some superimposed secondary regional gravity effects, intermediate in 
size between the main isostatic effect and the anomalies, that can be 
correlated with the magnetic variations. The first of these extends from 
station 441 to about station 454 and overlies that portion of the Ozark 
Uplift in which the depth to basement is least. The anomaly departure 
from the assumed isostatic effect is approximately 10 milligals which, 
for a rise in basement of 1000 feet, would indicate a density contrast of 
.77, which makes any relation with basement configuration impossible. 
Similarly the broad high from stations 465 to 473 on the western side 
of the Illinois Basin and the low from stations 474 to 482 cannot be 
explained in terms of the basement configuration and the overlying sedi- 
ments. The half width of these anomaly areas would indicate an extreme 
depth, over 19 miles (30.8 kilometers) in the area from station 465 to 
473, which would place the center of the disturbance, for the maximum 
value at least, at the bottom of the earth’s crust, calculated to be at 
29 kilometers in this area. The variations superimposed on these regional 
features, as at stations 465 and 468, correlate with magnetic anomaly 
positions and show about the same amplitudes as were observed for the 
gravity departures over the area as a whole and believed to be correlated 
with basement lithology. 

An alternate interpretation would be that the broad regional changes 
reflect the basement surface lithology and that the smaller changes are 
related to deeper-seated disturbances. This, however, is not thought to 
be the case, since under such a hypothesis the lack of a secondary regional 
change from eastern Missouri to the Salina Basin would indicate no par- 
ticular change in basement lithology for a distance of over 200 miles, 
which is highly unlikely. 

The very sharp break in the magnetic profile at station 490, at Martins- 
ville, Illinois, is about over the La Salle Anticline. No reflection of this 
structure is indicated in the gravity values, indicating the same type of 
density relations between the basement rocks and the sediments as was 
noted for the Nemaha Ridge in Kansas. The very marked magnetic 
low observed here is believed to be an erratic and not related to the 
structure. The magnetic anomaly pattern and values of stations 491 and 
492 are more consistent with the structure. 


INDIANA—OHIO DETAIL 


This area is characterized by high gravity anomaly areas, in contrast 
to the Missouri-Illinois region. The most pronounced occurs at station 
508 near Indianapolis, station 528, near Dayton, and station 538 near 
Columbus. The magnetic anomalies here also are very large and broad 
if individual stations as 510, 522, and 534 are discounted as erratics. 
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These effects all appear to be related to changes in basement lithology, 
since the half anomaly width for the high at station 507 and for 528 
is about 11.5 miles, and that at station 538 is about 14.3 miles. If we 
assume that the rock contrast is that of granite and gabbro, with a 
density differential of .33, the possible sizes for the latter two, assuming 
horizontal cylinders, comes out to be radii of 20,800 feet and 25,800 feet, 
respectively, which would place their depths at about 40,000 and 49,700 
feet. b 

As the large magnetic highs do not correspond in position with the 
gravity highs, they must reflect a different control. 

This lack of agreement in position also raises the question of the 
validity of the assumptions in the gravity calculations, since a magnetic 
high would normally be associated with a gabbro mass. That the rock 
mass might well be some other high-density basic rock with a low mag- 
netic susceptibility such as hornblendite is quite possible and apparently 
probable in this area. For the smaller anomalies as at stations 517, 520, 
and 544 there is a correlation between the two sets of data, and these 
apparently reflect lithologic changes in the basement surface. 

Although no correlation would be expected between these anomalies 
and the observable geology, there does appear to be such a correlation. 
The area of the high at stations 507 and 509, for instance, west of In- 
dianapolis, is an area of basement uplift as indicated by structure con- 
tours on the top of the Trenton limestone. Similarly the high anomaly 
areas at stations 517 and 520 occur at locations of basement relief as 
indicated by the structure contours on the top of the Trenton limestone. 
The high at station 520 occurs on the crest of the Cincinnati-Kankakee 
Arch which is also indicated in the surface geology. Similarly the broad 
high at stations 528 and 530 occurs over an area of basement uplift as 
indicated by both structure contours and surface geology. 

Although none of the features mentioned can account for more than a 
small portion of the observed anomalies, quite possibly they are the 
surface expressions of the real control at depth—large intrusions of basic 
rock which have displaced upward the overlying rock by varying degrees. 
The effect of the basement uplift at station 517, for instance, would be 
only about .8 milligals of the 20 milligals observed. For the largest 
anomaly area, at station 538 there does not appear to be any surface 
or near-surface expression, and this also holds for the smaller high 
at station 549 which overlies the area of the Parkersburg-Lorraine. 

It would appear significant, however, that the broad Cincinnati Arch 
should be characterized by so many large, apparently basic, intrusive 
masses, and that similar conditions are indicated in the center of the 
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Ozark Uplift, in eastern Missouri; these might well furnish a criterion in 
areas of glacial drift and sedimentation, such as the Canadian Shield, 
that would aid in working out the fundamental geologic structure of the 
continent, since their effect would predominate over that of the surface 
lithologic variations. 


PENNSYLVANIA-NEW JERSEY DETAIL 


This area, embracing the folded Appalachian Mountain System, has 
been studied gravitationally by other investigators; Nettleton (1941, p. 
270) covered a traverse from Pittsburg to Hanover, Pennsylvania, and 
Hammer and Heck (1941, p. 353) made a traverse from Buckhannon, 
West Virginia, to Swift Gap, Virginia. 

One of the largest magnetic areas encountered in crossing the continent 
occurs between stations 563 and 590, and from the pattern appears to 
represent an abrupt change in polarization of surface or near-surface 
material. This anomaly apparently is restricted to the geologic outcrop 
of the Washington formation (Permian) which occurs in the center of the 
coal basin. This would suggest that the anomaly is controlled by sedi- 
ments rather than the basement rocks. It will be noted, also, that over 
this same area a broad gravity minimum occurs, which may be a reflec- 
tion of the basin structure, and probably controlled by the thickness of 
upper Paleozoic formations, which have a lower density than the under- 
lying formations. 

East of this area are numerous highs in both sets of data, which show 
a marked correlation of position, as at stations 594,600,605, and 610. The 
very large anomaly in both sets of data to the northwest of Harrisburg, 
from station 616 to station 625 and reaching a maximum value near 
Mifflintown, station 619, appears to have a deep-seated control. The half 
width value is about 14 miles for both anomalies, and the area embraced 
includes a great variety of geologic structure. 

Although there is little evidence, it is perhaps suggestive that this 
high occurs on the axis of one of the pronounced embayments in the 
Appalachian structural pattern, with a well-defined arch bringing folded 
lower Paleozoic formations to the surface along its axis for about 70 
miles northwest from Harrisburg. 

If the axis of these outcrops can be used as a gauge for the strike of 
the subsurface arch, the present profile probably crossed at an oblique 
angle, giving an extra wide half width value. The true value probably 
is half that indicated on the profile. The source of the anomaly may 
well be deep, but it is believed to reflect an uplift of the basement in 
this area similar to that noted over anomalies of comparable size in 
Indiana and Ohio. 
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From Harrisburg to the New Jersey coastal plain the gravity picture 
changes but little, but in the New Jersey coastal plain a very marked 
gravitational high centers at station 572. This is one of the most pro- 
nounced features encountered in crossing the continent, and it appar- 
ently has no magnetic counterpart. The magnetic high at station 574 
is due to the buried Palisades diabase, which is known from well data 
and previous magnetic work to underlie this portion of the coastal 
plain. 

The magnetic highs at stations 582 and 584 occur in the New Jersey 
highland area over magnetite-bearing gneisses. 

As the large gravitational high at station 572 has been noted farther 
south in the coastal plain on a pendulum traverse established by the 
United States Coast and Geodetic Survey, it probably continues for a 
considerable distance. The half width value is 8.5 miles, and if we com- 
pute the possible size of the disturbance on the basis of a density con- 
trast of .53, and with the indicated amplitude of 31 milligals, the radius, 
assuming a horizontal cylinder, is 18,400 feet which would place the top 
at a depth of 26,500 feet. This calculation is based on the extreme con- 
ditions with about the maximum possible density contrast. For smaller 
density differentials the depth would be correspondingly shallower. For 
instance with a density differential of .83 the depth to the top would 
be 21,600 feet. 

These data, although not conclusive, suggest that the disturbing mass 
is probably quite deep. 

CONCLUSIONS 


The results of this traverse are as follows: 

(1) There is a marked regional gravitational effect that approximates 
the amount of the isostatic correction. 

(2) If this regional effect is removed from the observed anomalies, 
the residuals can be correlated with surface and near-surface geologic 
conditions within the limits of the density contrast present. In the 
areas of Recent sediments, with a density of about 2.2, areas of uplift and 
of sedimentation can be correlated directly. For those areas where the 
structural basins are filled with consolidated Paleozoic sediments, little 
correlation exists, as the density of the sediments approaches that of the 
crystalline rock. 

(3) Gravitational anomalies observed in areas of Paleozoic formations 
as a rule, reflect changes in basement lithology. 

(4) Areas of regional structural uplift, as the Ozark Uplift and Cin- 
cinnati Arch, are not characterized by any observable regional anomaly, 
but the occurrence of large and rather frequent positive anomaly areas, 
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with slight basement uplifts at the point of maximum anomaly, seems to 
be characteristic of these areas. 

(5) The very large gravity anomaly areas do not, as a rule, have 
magnetic counterparts, although there are two notable exceptions: the 
high in the Salina Basin near Clay Center, Kansas, and the high in the 
San Joaquin Valley near Bakersfield. 

(6) The majority of the smaller gravitational anomaly areas appear 
to have a magnetic counterpart except in areas of surface magnetic 
control. 

(7) In general the magnetic anomalies can best be related to the 
lithology of either the surface volcanics or the underlying crystallines. 
One notable exception appears to be the high over Permian sediments in 
western Pennsylvania. 
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ABSTRACT 


Two thousand and ninety-eight gravitational and magnetic stations were estab- 
lished to study the regional extent and distribution of large-scale anomaly vari- 
ations and also the effect of local geologic structural and lithologic variations 
on the observed anomalies. About half the stations were distributed with an 
average station spacing of 4 miles on profiles across an area extending from the 
northern tip of New Jersey to Cape Cod, Massachusetts, and southward to Cape 
Henlopen, Delaware, Washington, D. C., and Harrisburg, Pennsylvania. The balance 
of the stations were concentrated in a ‘strip 4 miles wide extending from Barnegat 
Bay to Phillipsburg, New Jersey, with a station spacing of 3 mile on traverses 
about a mile apart. 

The survey shows several previously unknown anomaly areas as well as the ex- 
tent of those from known earlier investigations, and the trend of all these anomalous 
areas parallels the structural trends of the Appalachian Mountain system. On the 
more detailed survey marked local anomalies are superimposed upon the large 
regional features. These local variations reach their greatest magnitude in the 
area of exposed pre-Cambrian and Lower Paleozoic rocks, and these same lithologic 
types appear to control the local anomalies in both the Triassic and Coastal Plain 
areas except where there is intrusive diabase. Depth of sediments, structural dis- 
placement, and basement surface configuration apparently exert only a minor control 
in these areas on the anomalies as compared to the basement lithology. Similarly, 
the large regional anomalies appear to be related to intra-basement lithologic 


variations. 


INTRODUCTION 


The following investigations, conducted during the summer and fall 
of 1941 on the eastern seaboard, are an outgrowth of the transcontinental 
gravitational and magnetic traverse established from Sea Bright, New 
Jersey, to Morro Bay, California, in 1940 by the writer. The area studied 
showed some of the most marked gravitational and magnetic anomalies 
encountered in crossing the continent, and, as the geology is varied and 
the area relatively well known, it is ideal for investigating the possible 
geologic significance of gravitational and magnetic variations. 

Although the United States Coast and Geodetic Survey has established 
more than 100 pendulum gravity stations in the area investigated, it has 
not been possible to deduce the complete pattern of the regional gravita- 
tional changes other than that a broad gravitational low appeared to 
parallel the Appalachian Mountains with its axis at the edge of the over- 
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thrust zone as marked by the Blue Ridge Mountains and that there was 
a strong gravitational high in the New Jersey Coastal Plain area, with 
others near New York, Philadelphia, Wilmington, and Washington as 
well as in western New England. Magnetically the work was limited to 
profiles made across the New Jersey Coastal Plain by the writer in 1939, 
the regional control stations of the United States Coast and Geodetic 
Survey, and some old dip needle surveys in the New Jersey Highlands 
by Thomas A. Edison. 

Because this previous work was so limited the present investigation is 
divided into two parts: one dealing with the regional gravitational and 
magnetic variations, and the other with local variations. 
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PLAN OF SURVEY 


The general plan was to establish stations at intervals of about 314 
miles on profiles roughly 10 miles apart over the areas of relatively rapid 
changes in gravity, with a station spacing of about 5 miles on profiles 
approximately 16 miles apart where the changes were more uniform. 
For the area surveyed in greater detail stations were established at inter- 
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vals of about .3 mile on profiles about a mile apart over a strip of 
territory averaging 4 miles in width and 80 miles in length. This strip 
crossed all the geologic provinces included by the regional survey. 


AREA OF SURVEY 


Although the Piedmont and Coastal Plain region of New Jersey was 
the area most thoroughly covered, the survey was extended northward 
to southern New England in order to tie in with the gravity work 
previously carried on there by the United States Coast and Geodetic 
Survey and by the writer. This involved establishing two profiles on the 
northern and southern shores of Long Island as well as one along the 
northern shore of Long Island Sound out to Cape Cod. These observa- 
tions were confined to gravity measurement, as they were conducted at 
the completion of the work to the south and after the regular field party 
had disbanded. 

The area extends to Cape Henlopen, Delaware, and westward to 
Washington, D. C., to Harrisburg, Pennsylvania, where the survey was 
tied in with the transcontinental traverse, which marks the western 
boundary, and thence to Bethlehem, Pennsylvania. From Bethlehem 
the boundary is a line of United States Coast and Geodetic Survey pendu- 
lum stations running due north to the latitude of Stroudsburg, Pennsyl- 
vania, and the Delaware Water Gap, which marks the northern boundary. 
It then follows the Delaware River north to Port Jervis, New York, and 
from there is a line east to the Hudson River and New England. 

The area investigated in more detail extends from Barnegat Bay, New 
Jersey, to Phillipsburg, New Jersey, via Lakewood, Princeton, Fleming- 
ton, and Bloomsbury. The Coastal Plain portion covers the same loca- 
tions as the seismic investigations carried out by Ewing, Vine, and the 
writer (1939, p. 257-296). 

In all, 2098 stations were established, of which approximately 50 per 
cent are located in the area studied in detail. The regional station dis- 
tribution along with control from other sources are shown in Plate 1. 
That for the more detailed area will be indicated on the maps showing 
the results for that area. 


METHOD AND CONTROL OF SURVEY 


The general method of control was by means of a central base station 
at Princeton, New Jersey, and a line of base stations running longitudi- 
nally through the middle of the area. This line was established by loop- 
ing back to the preceding station after each forward station, so that the 
drift of the instruments could be determined, and these base stations, 
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approximately 10 miles apart, were tied in to the central base station 
at Princeton. 

The general procedure was to take an overall check on drift for the 
day from the central base station and subsidiary checks from the base 
station line whenever it was crossed by the normal observation traverses 
which zigzagged across it as large serpentine loops extending from the 
coast up into the Piedmont area. When too far away from the central 
base for convenient return at the end of a day’s run, the drift was calcu- 
lated on the basis of closure with the base line. The average departure 
during a day for drift was about half a milligal. The magnetic diurnal 
variations were determined by taking observations every 15 minutes with 
a stationary magnetometer. 

In conducting the detailed survey it was also necessary to make observa- 
tions for the variations in atmospheric pressure, since most of the eleva- 
tions for this part of the work were determined with altimeters. These 
observations were as a rule made only a mile or two from the point of 
actual survey. 

POSITION CONTROL 

All stations were located on quadrangle sheets, scale 1:62,500, ex- 
cept in New Jersey where maps of scale 1:60,000 were used. Positions 
are believed to be accurate to one-tenth of a minute. 


ELEVATION CONTROL 


Elevations were taken from United States Coast and Geodetic Survey 
and United States Geological Survey bench marks as well as from useful 
elevations indicated on the quadrangle sheets, and over most of New 
Jersey from contour values at key points of control, such as road inter- 
sections and bridges. No error in excess of half a milligal is believed 
to have been introduced by this procedure, as the area was contoured on 
the basis of 10- and 20-foot intervals. For the detail survey, elevations 
were of necessity carried by altimeters, since the stations were too close 
to permit location on standard reference marks and it was not feasible 
to run a plane table or level survey over the 450 miles of the traverse. 
It was not possible to use highway elevations as most of the roads used 
had only been surveyed for position. For a few locations reference was 
made to the Dictionary of Altitudes for the elevation value (U.S. Geol. 
Survey, Bull. 274). On the whole the elevations are good to 10 feet. 
(A 10-foot error would affect the reductions by 0.6 milligal.) 


INSTRUMENTS USED 


The gravity meter used was a Humble X type instrument described in 
connection with the Transcontinental Gravitational Traverse, and the 
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magnetometers were both Askania Schmidt type vertical component in- 
struments. The altimeters were all Paulin Model A-1 surveying 


instruments. 
INSTRUMENT SENSITIVITY AND CALIBRATION 


The instrument sensitivity for the gravity meter was .355 milligals per 
division of the instrument, and this value was determined from a calibra- 
tion curve based upon reoccupations of United States Coast and Geodetic 
Survey pendulum stations in New Jersey and Pennsylvania and also a 
check group of stations from Washington, D. C., to Chanty Neck, 
Virginia. 

The magnetometers were set with an operating sensitivity of 32 gammas 
per scale division, which was determined with a Helmholtz coil. The 
sensitivity of all instruments was checked during the course of the 
survey—the gravity meter by small gold riders which could be lowered on 
the booms of the instrument, and the magnetometers by the Helmholtz 
coil. The temperature coefficient of the magnetometer was 6 gammas per 
degree Centigrade and was checked during and at the end of the survey. 

The altimeters had a sensitivity of about 2 feet per division for one 
instrument, and 3 feet for the others. 


REDUCTION OF DATA 
GENERAL STATEMENT 


The gravity observations were put on an absolute basis and reduced 
by the standard methods described in the report on the Transcontinental 
profile to yield the simple Bouguer anomaly values. The magnetic 
observations were made relative to the Princeton central base station 
and corrected for the magnetic latitude variations. This correction was 
taken from a contour map with a 50-gamma contour interval based on 
the charts of the United States Coast and Geodetic Survey. The correc- 
tions thus determined are within 5 gammas of the values that would be 
determined by individual computation for each station. 


EFFECT OF TERRANE 


In view of the general topographic relief of the area, which is less than 
200 feet, the relatively wide station spacing, and the magnitude of the 
average terrane correction as compared to that of the anomaly variations, 
no correction for this factor was necessary for the regional survey. How- 
ever, on the more detailed survey with stations at .3 mile interval estab- 
lished to study the small effects of the surface and near-surface geology, 
the terrane correction might well be a significant factor in the highland area 
of New Jersey where the topographic relief is in places over 500 feet. 
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Ficure 2—Regional isostatic effect in Eastern Seaboard 
Based on U. S. Coast and Geodetic Survey gravity reductions. 
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Based on U. S. Coast and Geodetic Survey gravity reductions. 
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Accordingly, a test profile across the area with the most rugged topog- 
raphy, Phillipsburg to Flemington (Pl. 5, sec. X-X) was corrected for 
terrane according to the Zones and Tables of Hammer (1939, p. 184-194). 
The results are indicated in Figure 1, A, which shows the elevation profile, 
the Bouguer anomaly curve as reduced without regard to terrane and also 
considering the terrane. As would be expected, the amount of the cor- 
rection varies with the steepness of the topographic profile. The maxi- 
mum value occurs for the station on the northwest flank of the Musconet- 
cong Mountain near Bloomsbury. However, even here the correction is 
less than 1.5 milligals, and the average for the highland area is around 
3 milligal. For the areas of small relief the correction is approximately 
1 milligal. 

Considering these values as related to the magnitude of the local 
anomalies observed, if we subtract the regional effect as indicated by the 
sketched in smooth curve of Figure 1, B, the residual departures are all 
very large as compared to the terrane corrections indicated for this area. 
In view of this relation it was not felt that the time and labor for correc- 
tions were justified. 

ISOSTATIC EFFECT 

Although no attempt was made to reduce this survey isostatically some 
stations determined by Lieutenant Aslakson of the United States Coast 
and Geodetic Survey and the writer in Pennsylvania and Maryland were 
thus reduced by the United States Coast and Geodetic Survey. How- 
ever, in order to obtain an approximation of the isostatic effect in the 
area surveyed, a contour map based upon the isostatic correction as de- 
termined by the United States Coast and Geodetic Survey for their 
pendulum stations and certain gravity meter stations established by the 
Gulf Research and Development Corporation, and some of those estab- 
lished by the writer, is shown in Figure 2. This map, prepared with a 
contour interval of 1 milligal, shows that on the whole the isostatic 
effect is primarily regional and related to the topography. With a some- 
what better control it would be possible to determine the isostatic cor- 
rection to within half a milligal from such a map for any location. 

Due to the uniform change of the isostatic effect, the application of 
this correction will not change the local anomaly picture materially but 
merely transpose it to a different base level. For this reason local 
anomalies as determined by the Bouguer reductions are just as satisfac- 
tory as those determined using isostatic reductions, and in both cases a 
regional effect will probably have to be removed by some empirical 
method. With the Bouguer values, this regional effect would include the 
isostatic effect. 
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These relations can best be seen in Figure 1, B, which shows the 
observed Bouguer anomaly curve for a short profile of the detail survey 
(Pl. 5, sec. x-x) the regional isostatic effect relative to the minimum 
value of the observed anomaly curve, and the regional curve that has 
to be subtracted to obtain the residual values related to surface and 
near-surface geologic effects. If the isostatic effect is regarded as reflect- 
ing the primary control from continental wide variations in either the 
level surface or the subsurface geology to compensate surface variations 
in elevation, the secondary control is believed to be a reflection of large 
intra-basement variations in lithology which may or may not be observ- 
able in the surface of the basement complex. Evidence indicates that 
with the possible exception of very small cupolas which may be con- 
nected with these deep-seated masses they do not reach the basement 
surface. The third order control, the residuals left after subtracting the 
above two effects, represents primarily the effect of surface and near- 
surface geology. Thus the anomalies have been reduced in amplitude 
from 55 milligals in the simple Bouguer values to about 5 milligals in 
the Bouguer residuals. A still smaller residual can be obtained from 
the residual curve, but in the present case, at least, the values of these 
smaller residuals, averaging less than a milligal, are of the same order 
of magnitude as the effect of the probable error in elevation and hence 
do not have any geologic significance. 

With better control and a higher degree of operating sensitivity it 
should be possible to attach geologic significance to these fourth order 
effects. 

OTHER EFFECTS 

These are primarily the result of curvature of the earth and the de- 
parture of the Geoid from the International Spheroid. The first is rather 
small for the elevations of the present survey (0 to .2 milligal), and the 
second amounts to only about 9 feet. As both are transitional variants 
their effects are embodied in the regional correction applied to the detailed 
survey. 

REGIONAL GRAVITATIONAL SURVEY 
GRAVITATIONAL RESULTS 


General statement.—Plate 2 shows that the gravity anomalies have 
a pattern parallelling that of the Appalachian Mountains and _ also 
that the area can be roughly divided into two parts: one in which nega- 
tive anomalies predominate, on the western edge of the Piedmont region, 
and the other in which positive anomalies predominate, in the Coastal 
Plain. Actually this apparent physiographic relation has no signifi- 
cance, for as observed in New England both areas occur in the region 
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of exposed basement rocks. If the zero anomaly contour is taken as 
the dividing line, this runs across the northwestern corner of Con- 
necticut, down the east side of the Hudson River valley, across Staten 
Island, along the edge of the Coastal Plain in New Jersey parallel to the 
north shore of the Delaware River, passing north of Philadelphia and 
the Delaware State line, and then remains on this trend to the vicinity 
of Hanover, Pennsylvania, where it swings southwest passing close to 
the junction of the Maryland, West Virginia, and Virginia State lines. 


Area of negative anomalies——The negative anomalies occur as a band 
of connected “lows”, four in number, which range in amplitude from —75 
milligals to —55 milligals. The axis of this band lies in the Blue Ridge 
Mountains in the south and the upper Hudson Valley in the north, and 
the zone has been referred to as the Blue Ridge Low by Nettleton, and 
the Hudson River Valley Low by Longwell. It has been investigated 
at different localities by the United States Coast and Geodetic Survey 
(1940-1941), Nettleton (1941), Hammer and Heck (1941), Hersey 
(1941), and the writer (1936-1940). Except for Hersey’s work these 
investigations have been limited to single profiles or rather long range 
interpolations based upon the United States Coast and Geodetic Survey 
pendulum data. 

Although the general pattern parallels very closely that of the Ap- 
palachian Mountains there is a marked distortion at the Pennsylvania- 
New Jersey line so that the axis of the low is displaced sharply to the 
northwest to such a degree that it appears to have been broken across. 
To the north of this location the data are rather incomplete. However 
the test profile from Port Jervis northward into New York shows 
that the very low values to the south are not continuous with those 
observed in the upper Hudson River Valley. Another marked break 
in the gravity minimum occurs near Harrisburg, Pennsylvania, and 
the pattern suggests uplift from below on an axis transverse to the 
gravity trough. 


Area of positive anomalics——The very marked positive anomaly area 
apparently starts in New England just to the north of the Connecticut- 
Massachusetts line and parallels the gravity minimum. On Long Island 
this positive anomaly area is split by a gravity minimum which extends 
down into New Jersey and, except for an interruption in the central 
New Jersey Coastal Plain, continues southward. This results in the 
center of the positive anomaly area being occupied by a more or less 
continuous gravity minimum. The flanking areas of positive values, 
however, are not of equal amplitude after leaving Long Island. The 
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area on the northern flank shows values of as much as +45 milligals, 
while that on the southern is characterized by values less than +20 
milligals after leaving New Jersey. As the regional relations in New 
England are being studied by C. R. Longwell, the writer will not go into 
further detail for this area. 


GEOLOGIC INTERPRETATION OF RESULTS 


Area of negative anomalies——If the gravity anomaly pattern in the 
upper Hudson Valley, central eastern Pennsylvania, and the Pennsyl- 
vania, Maryland, West Virginia area is normal, and it appears so as 
to magnitude of the observed anomalies, width of area, and parallelism 
with the structural pattern as represented on the east side of the Appa- 
lachian Mountains, then the areas of disturbance near Harrisburg and 
Easton, Pennsylvania, must represent the effect of superimposed sub- 
surface geologic conditions that have occurred since the genesis of the 
primary control of the anomaly strip. 

Considering the relations near Harrisburg first, this location lies on 
the axis of one of the pronounced embayments in the Appalachian 
structural pattern (Pl. 3). Along this axis, in the area of folded valley 
and ridge structure, instead of the normal repetition of formations rang- 
ing from the lower Ordovician to the Mississippian as exhibited to the 
south and northeast of the axis of the embayment, the formations are 
all Lower Paleozoic. The area thus appears to be one of uplift or 
arching on the axis of the embayment subsequent to Appalachian folding, 
since it is improbable that the other formations were not there originally. 
Not only is there a break in the marked gravity minimum where the 
axis of the embayment is crossed (Pls. 2, 3), but a strong positive node 
comes in from the north and another from the south along the axis of 
the embayment, and, if the general regional effect of the gravity trough 
and high were subtracted there would actually exist a ridge, or high, 
in the residual gravity values along the axis of the embayment. There- 
fore strong evidence supports a hypothesis of structural uplift in the 
post-Appalachian along this axis. The residual anomaly seems about 
the same order of magnitude as that noted in the Cincinnati arch region 
on the transcontinental traverse, and, as there, the writer does not be- 
lieve that any actual basement uplift is reflected so much as a deep- 
seated control behind the basement uplift, a large mass of dense rock 
within the basement complex. Whether the intrusion was passive fol- 
lowing arching under stress or active, giving rise to the arching, cannot be 
determined, but, in view of the occurrences of such anomalies in areas 
of uplift as contrasted to the rest of the country, and the frequent coin- 
cidence of slight basement uplift occurring over the points of maximum 
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anomaly, it would appear that the two are definitely connected. In 
the present case the uplift appears to have been considerable judging 
from the surface geology, and it would be interesting to check the 
gravity relations in the heart of the area of uplift indicated by the 
geology as related to the surrounding area. 

In the distortion of the normal gravity minimum pattern in northern 
New Jersey, in addition to the displacement to the northwest of the 
axis of the minimum there is also a reduction in anomaly of about 20 
milligals. Also there are two areas of divergent contour lines, —25 to —30 
and —35 to —45. The significance of the first of the latter group can 
be ascertained directly from the surface geology. This is the area of 
the Watchung basalt flows of Triassic age, and it is possible to check 
quantitatively whether they would cause the indicated distortion. 

If we take the normal gravity gradient as indicated in the undis- 
turbed areas, for the area of the Watchung flows there would normally 
be a change of approximately 20 milligals instead of the 5 milligals 
indicated. This difference of 15 milligals presumably is due to the 
flows. Actual density measurements indicate a density differential of 
about .4 between the basalts of the flows and the sediments, and, if 
we compute the thickness of a slab of material of this density that has 
a 15-milligal effect, it is 2900 feet, which is rather close to the estimates 
of basalt actually present, 2100 feet at the outcrop with postulated 
thickening in the center. 

A similar distortion for surface diabase is indicated in Bucks County, 
Pennsylvania, on the eastern end of the gravity minimum by the dis- 
placement between the —55 and —60 contours. 

The disturbing effect between the —35 and —45 contour appears 
from the contour pattern to have perhaps two controls—one, repre- 
sented by the spread between the —35 and —40 contours which is 
the area of pre-Cambrian gneisses with density values ranging between 
2.68 and 3.1, and the other by the spreading of the —40 and —45 con- 
tours in the center of the Appalachian Valley. The first control there- 
fore appears to be related to the surface geology, but the second is 
believed related to a subsurface feature. 

However, an erroneous impression of the size of the subsurface dis- 
turbance is given by the local outward bowing of the —45 and —40 
contours. A comparison with Plate 3 shows that the control of the —40 
contour is apparently the actual outcrop of the pre-Cambrian gneisses 
both in New Jersey and across into New York, and not the disturbance 
related to the —45 contour. However, little can be said regarding this 
subsurface disturbance since data are scarce, but the indications are 
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that it is rather large, at considerable depth, and perhaps responsible 
for the displacement, as well as the change in values of the gravity 
minimum. 

That the area of the pre-Cambrian gneisses should stand out is 
surprising, since the average limestone in the adjoining valleys is of 
higher density than the average granitic gneiss. 

The explanation appears to lie in the gneisses themselves and their 
history. The oldest gneiss, the Pochuck, is a gabbroic type rock with 
a density of around 3.1, and it has been replaced locally by magmatic 
injections to yield two granitoid gneisses, the Byram and Losee, which 
have an average density of around 2.7. The relations are not too 
clear as the gneisses intermingle with an apparent predominance of 
the granitoid gneisses to the southwest. However, accompanying the 
alteration of the Pochuck, there was extensive magnetite mineralization, 
which is generally accompanied by rather large concentrations of 
hornblendite of density 3.25. The effect of the area, therefore, may well 
be much the same as if the Pochuck gneiss extended over its entirety. 
This would give a density contrast of about .3 with the limestone which 
would explain the correlation of the gravity with the gneiss. 


Area of positive anomalies.—-Considering the positive anomalies ex- 
tending from New England southward, the central area of low gravity is 
probably due to an igneous intrusion of material of much lower density 
than that responsible for the positive area. The magnitude of the 
original positive control can be gauged from the half width value of 
what appears to be a normal section across the strike in Long Island 
Sound. The half width value, the horizonal distance from the center 
of the disturbance to the flank at the point where the anomaly reaches 
half the maximum amplitude, represents the maximum depth to the 
center of mass of the disturbance. Therefore, using the zero anomaly 
contour as boundaries, the half width value is approximately 16 miles. 
If we calculate the possible radius in terms of a horizontal cylinder 
whose center of mass is at this depth which would give the observed 
anomally with a density contrast of .5, about the maximum value 
likely to occur with common rock types (granite of 2.67 to gabbro of 
3.15), the radius is 24,000 feet, and the top would be at a depth of 
60,000 feet, 8.3 kilometers. This value would indicate that the dis- 
turbance is rather deep; however, the same gravitational effect could be 
created nearer the surface by a body of less density contrast. For 
instance if we assumed that the density differential was .25 instead of .6, 
the value for the radius and depth to top of the disturbance would be 
34,000 feet and 49,000 feet respectively. Under either assumption the 
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depth is rather great, and, although it is possible to have this effect 
produced from a body only 1000 feet below the surface, the density 
differential would only be about .04 which is so small that the known 
variations in surface density would completely mask any anomaly due 
to this variation. Actually the surface density variations are masked, 
indicating a strong density differential in the main control of the anomaly. 

On the west side of the Manhattan prong the steep gravitational 
gradients might be interpreted as reflecting a shallow source for the 
large positive anomaly area. However, if this were so, an equally 
steep gradient would be expected in other areas. The explanation is 
that there is a cumulative effect due to the edge of the regional anomaly 
plus the high surface density contrasts between the Triassic sediments 
and the Palisades diabase which dips off rather steeply to the west. 
That the control varies in depth is indicated by the variations in the 
anomaly values along the crest and the change in gravity gradient over 
the flanks. The flat-topped area in New Jersey with rather steep gradi- 
ents on the flanks suggests a somewhat shallower depth here than in 
other localitiés. Near-surface position is also indicated by what appear 
to be two small cupolas rising sharply above the general level of the 
top. As both occur in the Coastal Plain area, it is not definite that 
either reaches the basement surface although seismic data strongly sug- 
gest that the northern one does.. This will be taken up in greater detail 
on the strip survey which crosses this local anomaly area. 

The areas of strong positive values in New England and northwest 
of Washington, D. C. appear to have a deeper control than that ob- 
served in New Jersey, as indicated by the more uniform change in 
gradient and the width of the area covered by the top contour. 

As the Wilmington area has about the same total anomaly width as 
that observed for its northward continuation, the marked gravity high 
here may be related to near-surface lithology although the surface 
rocks are extremely heterogeneous. The most significant factor is 
probably the presence of considerable gabbro and very marked magnetic 
disturbances, although this may be coincidence since the gravity high 
as a whole does not have a magnetic counterpart. 

The intrusive relation of the marked negative on the axis of the 
positive area on Long Island indicates that this is a reflection of an 
actual intrusion, probably granite, and the steep gravitational gradient 
on the flanks and flat central area indicate that it is not located at 
any great depth, possibly even forming the surface of the basement. 
Only an inadequate check is possible on this from a well drilled on 
Rockaway Beach, the center of the low, which entered granite. 
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Eastern Seaboard as a whole—Although we have discussed possible 
implications of the variations noted on the parallel areas of high and low 
anomalies, nothing has been said about the significance of the strips 
themselves except that the high is believed to reflect a subsurface area 
of dense rock. That the area of marked gravitational deficiency cannot 
be explained in terms of the surface geology has been commented upon 
by Nettleton (1941, p. 270-286) in connection with a trans-Appalachian 
gravity traverse from Pittsburgh through Hanover, Pennsylvania, to 
the Maryland line, and by Hammer and Heck (1941, p. 353-361) in 
connection with a similar traverse from Buckhannon, West Virginia, 
to Swift Run Gap, Virginia. Both these investigators concluded that 
no reflection of the major structural units of the Appalachian Mountain 
system is obtained and that the gravity minimum must be associated 
with tectonic forces not so simple as those visualized in the classic 
theories of the origin of the Appalachian Mountain system. Skeels 
(1940, p. 187-202), although not referring to the Appalachian Mountains, 
has shown that the occurrence of a gravity minimum over the zone of 
overthrusts in connection with mountain ranges is quite common. Further, 
that, although these areas are sedimentary basins, the observed anomalies 
cannot be explained in terms of isostatic compensation or the density 
contrast of sediments collected in them without extending them to depths 
of as much as 29 kilometers, which seems highly improbable. An- 
other example is that of the Cudapah Basin in India where the sedi- 
ments actually have a higher density than the wall rock, yet the 
basin is an area of a pronounced gravity minimum. Skeels concludes 
that it is highly suggestive that the major basins have a subsurface 
displacement of the lower denser substratum which is the actual con- 
trol of the gravity minimum observed. These conclusions are along the 
same line as those advanced by the writer (1939, p. 322) in connection 
with the gravity minimum associated with the Appalachian Mountains, 
but, even in the light of the additional data furnished by the present 
survey, the mechanics responsible for the observed mass distribu- 
tion are not conclusive. 

However, certain relations are apparent in the area investigated to 
date, which are highly suggestive. 

(1) The effects cannot be explained by isostatic compensation. The 
isostatic anomalies are —55 milligals in the trough and +32 over 
the high. 

(2) The anomaly areas are relatively narrow as compared to the 
wide area of folded Paleozoic sediments in what is believed to have 
been the actual site of sedimentation. 
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(3) The anomaly strips occur on only one side of the former area of 
sedimentation. 

(4) The negative strip occurs under a marked zone of overthrusts. 

All these suggest a reflection of a possible crustal buckle similar to 
that postulated as an explanation of the gravity minimum associated 
with island arcs (Hess, 1938, p. 77). Although this does not imply 
that the anomaly strips observed in the eastern seaboard represent the 
site of a former island arc, it is perhaps significant that the analogy 
with island ares can be carried further. For instance, the presence of 
arcuate embayments in both the gravity pattern and the geologic 
structural pattern, the evidence of crustal movement as shown by the 
overthrusts in the direction of convexity, the relation of basic intrusives, 
serpentine belts, and former volcanic areas to the positive anomaly 
side of the negative strip on the concave side of the arcuate pattern, 
as well as the parallel positive strip on the concave side, as along the 
Nippon Trench (Matuyama, 1934), all show a striking similarity to 
features observed in present island arcs. 

These data, although suggesting a possible geologic explanation of 
the observed anomalies, are not as yet sufficient to substantiate a 
hypothesis of such an origin. Further, there is one outsanding ob- 
jection to such a hypothesis. Assuming that the anomaly strips were 
originally associated with island are structure, how would such features 
persist through geologic time without assimilation and isostatic uplift 
removing the lateral variations in mass resulting from the original 
crustal buckling? A possible explanation is supplied by the structural 
geology and seismic history of the area. 

As previously pointed out the axis of the gravity minimum follows 
rather closely the zone of overthrust from the Champlain valley down 
the Hudson River valley, thence along the Blue Ridge Mountains. 
This relation may be a coincidence, but it represents the probable 
position of either a downbuckled section of crust beneath the foot of 
the thrusts or a wedged down section of overridden crust. As all ob- 
servable evidence indicates yield by plastic flow in the material under- 
lying the zone of thrusts, it is more probable that a crustal buckle is 
present. 

Considering the remnants of former large thrust sheets as evidence 
of crustal stress conditions that would have prevented complete isostatic 
compensation from being attained until stress relief was complete, it 
appears highly suggestive that the most pronounced active earthquake 
belt east of the Mississippi River should follow the Blue Ridge thrust 
zone from Alabama to the Hudson River valley where it splits with one 
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branch going up the Hudson valley through the Champlain valley to 
the St. Lawrence valley. The numerous recurring earthquakes at 
present along this line indicate that adjustments are still going on 
along these old thrust faults. This evidence may be interpreted as 
representing stress conditions in the crust that as yet have not been 
completely relieved or recurrent stress conditions seeking relief on an 
earlier fracture pattern. 

Although none of these data is conclusive, they do not definitely 
rule out a hypothesis of sharp crustal buckling as the explanation of 
the gravity anomaly picture, and it will be interesting to see if the 
present relations noted in the northern Appalachian region hold in as 
good detail for the entire system. 


REGIONAL MAGNETIC SURVEY 
GENERAL STATEMENT 


The area surveyed magnetically was not so extensive as that shown 
for the gravitational mapping since auxiliary data from other sources 
were not included as with the gravity measurements. The United 
States Coast and Geodetic Survey measurements. were not used since 
the vertical intensity values for their stations are calculated from the 
observed angle of inclination and the horizontal intensity, and small 
errors in the inclination would introduce relatively large errors in the 
vertical component values. Not knowing which values might be subject 
to such error it was thought best to include only those actually re- 
occupied. 

CORRELATION OF ANOMALIES WITH GEOLOGY 

Plate 2 shows that the magnetic anomalies do not have the same 
control as the gravity anomalies, except possibly in the eastern part of 
the Coastal Plain where there appears to be an agreement between the 
two sets of data. Locally where there are marked changes in surface 
lithology, as at Wilmington, there is agreement, but for the most part 
the magnetic values reflect a surface control in contrast to a deep-seated 
control for the gravitational values. This is clearly shown by the strong 
magnetic highs over the Triassic diabase sills at their outcrop and by 
the very high values observed over the magnetite-bearing gneisses as 
well as at the serpentine and gabbro outcrops. 

In detail, the strong high extending along the Hudson River, across 
Staten Island and New Jersey to the Delaware River, associated with 
the outcrop of the Palisades-Rocky Hill diabase sill. Faulting has 
brought this sill to the surface again on the upthrow side of the Hope- 
well fault to form Sourland Mountain which shows up as a short parallel 
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magnetic high. The smaller high extending from Rocky Hill to New 
Brunswick is the reflection of a line of diabase dikes. As the Watchung 
basalt flows abut against the magnetite-bearing gneisses, no differentia- 
tion is shown, and a broad magnetic high carries across both. The lentic- 
ular high along the New Jersey Fall Line and east of the Rocky Hill 
high is due to gabbro which occurs in the basement from here south 
through Philadelphia. This area extending along the Fall Line into 
Delaware has considerable gabbro and serpentine with the gneisses, 
and these appear to control the magnetic results. In the Wilmington 
area the highs are in part due to gabbro and serpentine and in part 
to magnetite mineralization in the gneisses, as at Iron Hill. 

In the Coastal Plain, excluding the eastern portion of New Jersey 
and nothern Delaware, whicli appear to have a common control with 
the gravity anomalies, there seem to be two controls. The first has 
the regional structural trend of the geology and parallels the trend of 
the gravity anomalies, and the second shows a cross-cutting relationship 
that appears to be superimposed upon the first. The occurrence of 
this second set of controls as strong narrow highs rather suggests the 
effect of Triassic diabase sills. Unfortunately no well data extend 
to the basement in the areas of these strong highs, particularly that 
occurring on a line from Camden to Tom’s River. 

The anomaly strip paralleling the coast and lying to the west of the 
marked magnetic minimum apparently has a counterpart in the residual 
gravity anomalies obtained on the detailed survey, which would indi- 
cate possible gabbro or diabase. The other two localized highs in the 
Coastal Plain are not related to any known geologic features. 

The frequent magnetic lows to the north of the highs are believed due 
to the inclination angle of the earth’s field and not related to any 
lateral changes in the polarization of the rocks crossed. This reflection 
of both induced poles would indicate that the controls of the anomalies, 
at least at these points, are finite bodies rather than dipping sheets of 
diabase. Although the diabase sheets approach the conditions of a 
faulted semi-infinite slab, which would give a high on the outcrop 
preceded by a low, the magnitude and width of the latter are so small 
for the attitude of the sheet in the present latitude that they do not 
show up on the regional map. 

Some of the regional magnetic anomalies appear due to changes in 
polarization of large masses of rock, as the central low in the Coastal 
Plain that is traversed by the high on the line from Camden to Tom’s 
River; the low paralleling the coast extending from north of Sandy 
Hook to Barnegat Bay, and the wide anomaly area in the Delaware- 
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Maryland Coastal Plain. These areas are generally distinguished by 
a relatively constant anomaly value over a wide area, with fairly abrupt 
changes in value at the edges. 


DETAILED GRAVITATIONAL AND MAGNETIC SURVEY 
GENERAL STATEMENT 


From the relations of the regional gravitational and magnetic obser- 
vations to the geology it is obvious, in the case of the gravity observa- 
tions, that the observed Bouguer anomalies must be reduced further in 
order to be correlated with the geology, that is, the large regional effects 
of the subsurface mass distribution shown on Plate 2 must be removed. 
As the magnetic results appear to have a surface and near-surface 
control which predominates over that from deep-seated sources, these 
data can be used without further reduction. 


METHOD FOR GRAVITY RESIDUALS 


In order to remove the effects attributable to deep sources in contrast 
to those originating from near-surface controls, the observed anomalies 
were first contoured with a 1-milligal interval (Pl. 4, sec. 1) and then 
smoothed in two stages. The first removed all those minor variations §. 
in the contours that could have no other significance than that they 
were due to surface effects and possible variations in the precision of 
the work. The map (PI. 4, sec. 2) thus attained showed only the re- 
gional anomalies and those due to major local variations in the near- 
surface’ geology. The second stage was a smoothing of this map 80 
as to remove those anomalies of near-surface origin. The final anomaly 
map (PI. 4, sec. 3) approximated the regional gravity map. 

By superimposing the smoothed maps upon the observed anomaly 
map, it was possible to gauge the residuals that would remain after sub- 
tracting contours based on either of them and by comparisons with the 
geologic map to determine whether these residuals could be correlated 
with the geology. As a result of these comparisons the regional map 
resulting from the second smoothing (PI. 4, sec. 3) was the one used in 
determining the residuals. The resulting values, after this subtraction, 
were then contoured, and this map is used in correlating the gravity 
values with the detailed magnetic map and with the geology. 


GEOLOGICAL SIGNIFICANCE OF RESULTS 


General statement.—Plate 5 shows the final gravitational and mag- 
netic anomaly maps used (sections 2 and 3) along with the geology of 
the area traversed (sec. 1). For ease in correlating from one to the 
other the major geologic features such as faults, diabase, and gneist 
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outcrops, and the Fall Line are indicated on all three maps, as well 
as the station positions for the bounding traverses. 

On the geologic map in the Triassic and Highland areas (PI. 5, sec. 1) 
the black circles give the locations where density determinations were 
made along with their respective values. In the Coastal Plain the black 
circles indicate wells penetrating to the basement; the bars indicate the 
location of seismic refraction stations (Ewing, Woollard, and Vine, 1939). 


Highland area.—The Highland area consists of extensive exposures 
of intermingled Pochuck, Losee, and Byrum gneisses which are locally 
overthrust as much as a mile or more over sharply infolded limestones. 
As mentioned in connection with the regional gravitational survey, the 
average density of the gneisses taken in mass must be about 3.1 since 
there is no other explanation of the distortion of the regional gravity 
pattern over their outcrops. This same relation holds on the detailed 
survey, with marked highs occurring on the gneiss outcrop and loca- 
tions where it is near the surface. The contrast from the gneiss to the 
limestone areas is around 7 milligals. As the limestones have observed 
density values averaging 2.8 and an estimated thickness of about 
1700 feet, a density differential of .32 would be required to create the 
observed change in gravity. This value, 3.12, is considerably above 
that of the gneisses actually measured, which varied from 2.63 on the 
Byrum to 3.1 on the Pochuck. Since the area was originally all Pochuck, 
before being altered to form the granitoid gneisses, either the alteration 
is superficial, or the magnetite mineralization which accompanied the 
alteration with considerable hornblendite of 3.25 density in addition to 
the magnetite of density 5.0 was sufficiently well distributed to give the 
net mass effect indicated by the gravity anomaly. 

The marked overthrust to the northwest on the north end of the 
most eastern gneiss outcrop, Musconetcong Mountain, is reflected rather 
well in the values with the negative gravity values associated with 
the limestone areas carrying under the gneiss area. On the western 
side of the mountain the nature of the overthrust, its thickness, and the 
extent of the underlying limestones have been determined from a rail- 
toad tunnel driven into the mountain. The limestones carry back to 
about the point of the zero contour, and the average thickness of the 
overthrust plate is about 500 feet. With the density differential in- 
dicated from the anomalies in areas of normal structural relations, .32, 
the change in anomaly about midpoint from the edge of the sheet to the 
heel of the thrust should be about 2 miligals, and this checks very 
Closely with the observations which show a change from minus 3 
Milligals at the contact to minus 0.8 at the point indicated. As the 
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normal relation appears to hold on the southern end of this gneiss area, 
it would appear that the sheet pivoted on a point close to the inlier 
of limestone to the south. 

The swinging of the gravity contours to the east as well as the outcrop 
geology suggest that the fault boundary between the Triassic area and 
the gneiss lies at the edge of the Paleozoic sediments rather than at the 
gneiss contact as mapped. This is also indicated on the magnetic map 
(Pl. 5, sec. 2). 

The marked variations in the magnetic values over the gneissic areas 
indicate variations in the gneiss itself from the basic Pochuck variety 
to the granitoid types or else variations in the magnetite mineralization. 
Although the gravitational values showed rather clear-cut structural 
relationships, considering the station dispositions, and the maps were 
contoured without benefit of the geology, the magnetic picture is ex- 
tremely erratic, cutting across structural contacts as if they did not 
exist. This indicates that the basement rocks exert a very strong 
control and are characterized by marked variations in magnetite content. 


Triassic area—The Triassic Lowlands extend from the gneiss contact 
of the Highlands to the Fall Line and locally beyond under the Coastal 
Plain. The sediments dip at about 15° to the northwest from a normal 
contact and have a density ranging from 2.3 to 2.65 with a mean value 
of about 2.52. The area also includes an extension of the Palisades 
diabase, Rocky Hill, which occurs in the Brunswick shale and apparently 
is conformable to it. 

The area is broken by two normal faults, one near Hopewell and an- 
other near Flemington, both of which have the upthrow side to the north 
and which result in two repetitions of the entire section. The diabase, 
however, is repeated only in the Hopewell fault block of the present sec- 
tion and forms Sourland Mountain. 

Strong anomalies occur in both sets of data over the diabase outcrop, 
particularly Rocky Hill. The magnetic anomaly here is over 2000 
gammas, and the gravitational effect about 6 milligals. That this ap- 
parent effect is actually due to the diabase can be shown by computing 
its gravitational effect for the known thickness. 1200 feet, and the density 
differential present between the sediments and the diabase, about .38. 
The calculated effect is 5.9 milligals which verifies the apparent effect 
of 6 milligals. The steep gravity gradient in front of the diabase out- 
crop as compared to that observed over the back slope is what would be 
expected, since a sharp change in density occurs in passing from the 
sediments onto the diabase, with a slow change on the back slope 
where the diabase dips to the northwest. The position of the gravity 
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maximum on the back side of the outcrop is natural, as the greatest 
thickness relative to the surface outcrop will occur just back of the 
truncated edge of the sheet which forms the outcrop. However, the 
very wide anomaly area would indicate a marked local thickening of 
the sheet down dip. 

As nothing in the magnetic data indicates the presence of the Hope- 
well fault, the polarization effect on both sides of the fault must be 
much the same. The gravity anomaly pattern here appears to reflect 
with a marked low on the upthrow side. This inverse relationship to 
what would be expected apparently is due to the diabase which is 
relatively near the surface on the downthrow side but entirely missing 
on the upthrow side until the outcrop is reached again. 

The marked difference in the magnetic and gravity anomalies obtained 
over Sourland Mountain as compared to Rocky Hill indicates that the 
diabase sheet is much thinner on the northern than on the southern 
part of the traverse. This is also indicated by the geology which shows 
the disappearance of the sheet about 2 miles north of the survey. That 
the sheet disappears from the section of the traverse to the northwest 
is indicated by two things: (1) the repetition of the section on the 
Flemington fault does not show any diabase; (2) the occurrence of 
marked central lows in both the gravitational and magnetic data between 
the Flemington fault and Sourland Mountain. The pattern of the 
low in both sets of data suggests control from the basement crystalline 
rocks which would not be so distinct if there were an intervening sheet 
of diabase. Also the occurrence of the lenticular magnetic low cutting 
across from the northeast to the southwest might, if not connected 
with the basement lithology, be a reflection of the edge of the diabase as 
the sheet here would perhaps be shortened sufficiently for the lower 
induced pole to have a measurable surface effect. 

The anomalies in both sets of data from here to the Flemington fault 
appear to be controlled by the basement lithology with perhaps the 
possible exception of the prong showing in both sets of data coming 
in from the north. This occurs near the location of surface outcrops 
of diabase and may be associated with such a body. 

To the northwest of the Flemington fault the control of the anomalies 
appears to originate in the basement, and from the pattern it cannot 
be definitely said how much is basement configuration and how much 
is due to variations in basement lithology. As the two sets of data 
do not give identical patterns, and the magnetic data appear for the 
most part to follow the structural trends of the geology, it may be that 
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the gravity anomalies are primarily reflecting basement configuration, 
whereas the magnetic values reflect changing basement lithology. 

On the Flemington fault itself there does not appear to be any 
structural reflection in the gravity data. The pronounced high on the 
upthrow side has a pattern more likely due to a local change in base- 
ment lithology or even basement configuration if we assume the high 
density values noted for the gneiss outcrop. The amplitude of the high 
is 4 milligals, and, with a density differential of .5 between the Triassic 
sediments and the crystallines, a change in relief of only 680 feet would 
be required to give the observed anomaly. Such a value is quite prob- 
able, but it does not eliminate the possibility of the anomaly arising 
from a change in lithology. 

In the magnetic data a long narrow low runs along the downthrow side 
of this fault, and, although a pronounced companion high would be 
expected on the upthrow side of the fault with vertical polarization, the 
present case is characterized by much weaker positive values. However, 
this appears to be the only instance of the magnetic values reflecting a 
purely structural control. 


Coastal Plain area—The Coastal Plain area is characterized by Creta- 
ceous to Recent sediments lapping on the basement which is composed 
of crystalline rocks and locally of Triassic sediments. This basement 
surface slopes seaward at about 75 feet per mile and reaches a depth 
of around 2000 feet at the coast. From the limited amount of well data 
the crystalline rocks appear to be variations of the Wissahickon schist, 
a rock of low magnetic susceptibility and about 2.67 Censity. Near 
the Fall Line gabbro occurs to the south of the present traverse, as seen 
in the outcrop near Trenton. Similarly Triassic sediments with diabase 
known from well data occur in the northern section of the present traverse. 
Since no marked change in the basement configuration was indicated 
on the seismic traverse, the control of the magnetic and gravitational 
anomalies must be related to changes in lithology in the basement. 

On the Fall Line a large anomaly occurs in both the gravitational and 
magnetic data which is considered due to an extension of the gabbro seen 
near Trenton, although apparently it does not reach the surface in this 
anomaly area as the small outcrop of the basement in this area in Wis- 
sahickon schist. On the assumption that the anomaly is due to gabbro 
we can compute its probable magnetic effect. With a polarization change 
as from gabbro to granite, which is believed to approximate the condi- 
tions for Wissahickon schist to gabbro, the change in vertical intensity 
should be 1600 gammas. The observed change is 1200 gammas which 
would indicate that a rock similar to gabbro is the cause of the anomalies. 
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The lenticular area with strong magnetic values paralleling the Fall 
Line and lying about 2 miles east of it is known from well data to be 
due to diabase in Triassic sediments. The abrupt termination is also 
known from seismic data to be probably due to a cross-cutting fault. The 
offset position of this high continuing northward appears to verify both 
the existence and strike of this fault. On the gravity map the lenticular 
area appears to be the result of two controls, the above-mentioned 
diabase on the northern end where a strong positive is indicated, and a 
change in basement lithology where the weaker anomaly is seen. This 
is also borne out by the magnetic map (PI. 5, sec. 2) which shows a 
weak positive anomaly paralleling the diabase and having a change in 
strike corresponding to that of the southern lenticular segment on the 
gravity map (PI. 5, sec. 3). 

Between here and the coast there is no well-defined correlation between 
the gravitational and magnetic data. 

The marked gravitational and magnetic low referred to at the coast 
in the regional investigations is plotted in more detail in Plate 5 and, 
since removal of the regional gravitational effect would remove the 
anomaly, this portion of the detailed traverse has been left in terms of 
the original Bouguer values so that the apparent relation with the mag- 
netic picture can be seen. 

West of this area is a zone of connected gravity highs in the residual 
values which is paralleled by a similar zone of lows, and, although the 
strike of these features is the same as that which dominates the magnetic 
pattern, there is no definite correlation. However, this zone of gravity 
highs is on the same line as the very long lenticular magnetic high seen 
on the regional magnetic map (PI. 5, sec. 3). That the magnetic high 
should be broken at the location of the detailed survey is probably due 
to an overlapping control. Assuming the regional control is gabbro, or 
a diabase sill, the effect of a local offshoot from the nearby intrusive of 
low magnetic susceptibility might well reduce the level of the original 
values at this point so that the high appears to be broken. 

However, the most pronounced feature in the gravity pattern is the 
strong high in the center of the Coastal Plain. This is referred to in 
the discussion of the regional gravity map (PI. 2) as a possible cupola 
rising from a large intrusive at depth which controls the regional gravity 
pattern. Also in this area an exceptionally high seismic velocity, 22,000 
feet per second, was noted for the basement rock. The position of this 
seismic velocity determination is indicated on the gravity map by a bar, 
and it occurs over the center of the northern maximum. Although two 
minor magnetic highs in the general area of the gravitational highs may 
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be related to them, the general relations are the same as observed on 
the regional gravitational and magnetic surveys, namely, that the gravity 
high has no marked magnetic counterpart. This would suggest that the 
lithology of the local highs is the same as that of the large mass con- 
trolling the regional high. 

From the half width value, the maximum depth to the center of mass 
is about 7000 feet, and, if we assume a density contrast of .33 and 
compute the radius of a horizontal cylinder which would give the ob- 
served 7-milligal anomaly, the value is 3400 feet, which would make the 
depth to top about 3600 feet. Since the depth to basement here is over 
1000 feet and the anomaly pattern shows relatively steep gradients on 
the flanks, the rock in question probably reaches the basement surface. 

The lenticular areas of magnetic anomalies to the west of this marked 
gravity high and in the general region of the outcrop of the Navesink 
Marl(Kns) apparently are not reflected in the gravity values except as 
isolated highs, and, although the magnetic pattern suggests the pos- 
sible existence of diabase, no well data or other information indicate 
whether such an interpretation is probable. 


CONCLUSIONS 
The results of these investigations are summed up as follows: 


(1) The regional gravity anomaly pattern has a strike which parallels 
that of the Appalachian Mountain system. 

(2) Two major gravity anomaly areas exist—a positive, principally 
in the Coastal Plain and the eastern part of the Piedmont zone, and a 
negative, whose axis is close to the zone of overthrust on the east side 
of the Appalachian valley. 

(3) The control, for the most part, of the major anomalies appears 
to originate at depths of the order of 8 kilometers. 

(4) These major anomalies cannot be explained in terms of isostatic 
effect or of known geologic control, although an analogy with island are 
structure may exist. 

(5) The anomalies apparently have persisted through geologic time 
as a result of crustal stress conditions that appear to be still active. 

(6) Many of the post-formation disturbances that have served to 
distort the original anomaly pattern appear to have a direct correlation 
in the observable geologic pattern. 

(7) The regional magnetic anomaly pattern shows primarily a reflec- 
tion of surface and near-surface rocks of high magnetic susceptibility, 
principally the Triassic diabase sheets, gabbro, serpentine, and the 
magnetite mineralized areas in the pre-Cambrian. 
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(8) The detailed gravitational survey could not be correlated satis- 
factorily with surface or near-surface geologic controls without first 
removing about 90 per cent of the observed Bouguer anomaly values. — 

(9) The residual gravity anomalies reflect very well structural con- 
ditions in the New Jersey Highland area. In other areas the control 
seems primarily that of changing basement lithology, although in the 
Triassic area between Sourland Mountain and the pre-Cambrian there 
may be a reflection of basement configuration. 

(10) The detailed magnetic survey shows the effect of variations in 
lithology with little reflection of basement configuration or structural 
control. 

(11) The station spacing used on the detailed survey, 3 mile, is 
apparently satisfactory, but the traverses, about a mile apart, should 
have been closer together to establish a better correlation with the geology. 

(12) On the regional survey the station spacing, 3.5 to 5 miles, and 
the traverse spacing, 10 to 15 miles, seem sufficient to reveal all regional 
variations. 

(13) The results of the regional investigation indicate that the gravity 
observations appear to reflect subsurface geologic features having a 
genetic relationship to the structural history of the Appalachian orogeny. 

(14) The results of the detailed surveys show that the degree to which 
geologic variations in structure and lithology are reflected varies with 
the density and magnetic susceptibility changes and that every area is 
a separate problem. The latter statement is believed to hold just as 
well for the regional investigations, but, whereas in the former the 
extent of any one set of conditions might change inside of a few tens 
of miles, the conditions of the latter possibly extend over an entire 
orogenic province. 
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ABSTRACT 


The lower Middle Ordovician succession of Tazewell County, in southwestern Vir- 
ginia, is herewith subdivided into 29 distinctive zones. Detailed tracing and mapping 
have led to the recognition of inconsistencies in the use of the stratigraphic names 
Stones River, Murfreesboro, Mosheim, Lenoir, Blount, Holston, Ottosee, Lowville, 
and Moccasin. 

The authors propose to revise the stratigraphic nomenclature by grouping the 
newly recognized zones into mappable formations and members, from oldest to 
youngest: (1) Cliffield formation, composed of the Blackford, Five Oaks, Lincoln- 
shire, Ward Cove, and Peery members; (2) Benbolt limestone, composed of the 
Shannondale and Burkes Garden members; (3) Gratton limestone; (4) Wardell 
formation; (5) Bowen formation; (6) Witten limestone; (7) Moccasin formation; 
and (8) Eggleston formation. Blackford, Moccasin, and Eggleston have been used 
previously; the other terms are new. Further use of the terms Stones River, Mur- 
freesboro, Mosheim, Lenoir, Blount, Holston, Ottosee, Lowville, and Lowville- 
Moccasin in Tazewell County and other parts of southwestern Virginia seems in- 


advisable. 
INTRODUCTION 


The data and conclusions presented are an outgrowth of a detailed 
study of the geology and mineral resources of Tazewell County made 
by the senior writer during the summers of 1938 to 1941 for the Virginia 
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Geological Survey. During 1939 and 1940, when the Ordovician lime- 
stone belts were mainly studied and mapped, the senior writer was 
capably assisted by the junior writer who was then a student at Columbia 
University. 

Detailed work indicated that the supposedly diagnostic criteria for 


63° 82° si* 
10 2 50 100 
Miles 
‘Sp WEST VIRGINA 
cues 
BUCHANAN MONTGOMERY 
TENNESSEE 
83° 62° 


Ficure 1—Index map showing location of Tazewell County 


recognition of the Chazyan and Black River formations of Ulrich and 
Butts are unreliable. Formations so identified in one part of the county 
are not the same as those in another part. This led to the conviction 
that the succession of formations given by Ulrich and Butts is incorrect. 

A thorough review of the literature on the Chazyan and Black River 
formations of the southern Appalachian Valley confirmed the need for 
revision. This need is revealed also by the fact that Ulrich (1911) 
named formations in this succession but omitted lithologie details, faunal 
contents, and specific type localities. None of the subsequent papers on 
the Chazyan and Black River formations of this region has dealt with 
the details of Ulrich’s formations in their respective type localities. 

The writers had two alternatives—viz., to retain the classification by 
Ulrich or to introduce a new one based largely upon the recent detailed 
studies. Having decided upon the latter procedure, the senior writer 
submitted a new classification during a field conference in Tazewell 
County in June 1941 attended by Josiah Bridge and Harry Ladd, of the 
United States Geological Survey, G. Arthur Cooper of the United States 
National Museum, Arthur Bevan, State Geologist of Virginia, and Charles 
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Butts and R. 8. Edmundson of the Virginia Geological Survey. Their 
helpful criticisms and suggestions have been of great value. The writers 
are also indebted to G. Marshall Kay of Columbia University, J. K, 
Roberts of the University of Virginia, and W. F. Prouty of the Uni- 
versity of North Carolina for their comments in the field. 


Explanation 


i 
Pennsy!venian 


Mississippion 
Devonian 


Silurian 


Ordovicicn 
om 


Cambricn 


i 
1 
it 


37 


Figure 2.—Generalized geologic map of Tazewell County 


LOCATION OF AREA 


Tazewell County (Fig. 1) lies partly on the Allegheny Plateau, but 
mostly in the Appalachian Valley and Ridge province. Tazewell, the 
county seat, is centrally located about 20 miles southwest of Bluefield, 
Virginia-West Virginia. U.S. Highway 19 crosses the county from north- 
east to southwest and connects Tazewell with Bluefield and Bristol, Vir- 
ginia-Tennessee. 

GENERAL GEOLOGY 


Approximately 20,000 feet of Middle Cambrian to Lower Pennsyl- 
vanian strata is exposed in Tazewell County (Fig. 2). The Lee and 
Norton formations (Pottsville) underlie the plateau in the northwestern 
part. They contain numerous coal beds, some of which are mined in the 
Pocahontas and Clinch Valley fields. All the other formations are ex- 
posed in the Valley and Ridge province in a series of belts that trend 
northeast. The Richlands and Boissevain faults separate the gently 
folded Pennsylvanian rocks in the Allegheny plateau and the closely 
folded, older Paleozoics to the southeast. The St. Clair fault marks the 
southeastern limit of a broad tract of folded late Devonian and Mississip- 
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pian beds. Another overthrust, the Narrows fault, reaches as far south- 


west as Tazewell, where it dies out in Ordovician Martinsburg shale. 

Burkes Garden is an eroded dome of Ordovician and Silurian rocks. 
Thompson Valley has been cut in a doubly pitching anticline of Cam- 
brian and Ordovician beds. Another long anticline extends through 
the valleys of Little River, the South Fork of Clinch River, and Clear 
Fork. These three anticlinal valley systems are separated by synclinal 
mountains of folded Ordovician, Silurian, and Devonian beds. The rocks 
described in this paper crop out in the valleys (Pl. 1). 


LOWER MIDDLE ORDOVICIAN SUCCESSION 1} 
PREVIOUS DESCRIPTION 

Campbell (1896; 1897) made the first comprehensive geological sur- 
vey of Tazewell County. His reports are general and include no de- 
tailed information on lithology, fossils, and stratigraphic relations of 
the beds now generally classed as Chazyan and Black River. Bassler 
(1909) described the Ordovician limestones of the county and several 
sections of the Chazyan and Black River. Butts (1932; 1933; 1940; 
1941) has described many features of this succession in regional reports 
on the geology of the Appalachian Valley of Virginia. He used the 

Chazyan and Black River classification of Ulrich (1911). 


FAUNAL AND LITHOLOGIC ZONES 
In Tazewell County the strata embraced by the Chazyan and 
Black River groups of Butts (1940, p. 119-201) are divisible into 29 
distinctive zones, most of which have distinctive faunal and lithologic 
features. A few are lithologically similar but can be distinguished by 
fossils and stratigraphic position. The zones are herewith described 
in ascending stratigraphic order. For convenience, each is numbered 
and given an informal descriptive name. Since some are lithologically 
similar, “first”, “second”, “third”, and “fourth” have been used to 
emphasize their respective stratigraphic positions. 


ZONE 1. BASAL CLASTICS 

The first zone lies disconformably upon Beekmantown dolomite, the 
top of which has a maximum relief of about 200 feet. Where typically 
developed, the lowest beds are detrital chert breccias and dolomite- 
pebble conglomerates. The chert fragments of Beekmantown derivation 
are generally less than 2 inches in diameter and are enclosed in a 
matrix of maroon-drab silty dolomite. Locally, lenses and beds of 
pearl-gray to greenish-gray dolomite, similar to beds in the upper Beek- 
mantown, occur as interealations. Most of the suceeeding beds are silty 


1This succession includes all the beds assigned to the Chazy and Black River by Ulrich and Butts. 


eir 
ers 
ni- 4 
ut 
ne 
d, 
id 
nN 
ie 
d 
e 


824 COOPER AND PROUTY—ORDOVICIAN OF TAZEWELL COUNTY, VIRGINIA 


dolomites and dolomitic mudrocks from dark maroon-drab at the base 
to hyacinth-gray at the top. Brick-red mudrocks are commonly mottled 
because of numerous irregular inclusions of greenish-gray dolomite. 

The basal clastics are best displayed in the Clinch Valley belt, along 
the east side of Pounding Mill Branch 50 yards south of the Norfolk 
and Western underpass and also along U. S. Route 19 between Maxwell 
and Pisgah Church. Another good exposure is along U. 8. Route 19 
about 214 miles northeast of Wittens Mills. Red beds are very con- 
spicuous on the hillside east of the intersection of County Roads 647 and 
648 near the Tazewell County Farm. 

Except for detrital gastropods derived from the Beekmantown, the 
basal clastics are not known to contain fossils. 

The zone fills only the “lows” of the post-Beekmantown erosion 
surface. A striking example of an abrupt break in lateral continuity 
occurs just north of the intersection of U. 8. Route 19 and County High- 
way 650. Fifty feet of basal clastics is present east of the road, but 
none occurs west of the road for a quarter of a mile. 

The thickest development is in the Clinch-Bluestone belt; at Five 
Oaks they are 78 feet thick, at Pounding Mill 100 feet. Red mudrocks 
seem to be absent in the southwest end of Thompson Valley, particularly 
along the base of Clinch Mountain. Northeast of State Highway 16, 
25 to 75 feet of basal clastics is present. The zone is absent in Burkes 
Garden except for a lens approximately 60 feet thick, which occurs in 
the eastern part. 


Secrion or Cuastics aT Five Oaks, VIRGINIA 
Begins 50 feet east of the north quarry. 


Top of zone Feet Inches 

11. Mudrock, dark reddish brown, silty.......................... 1 6 
10. Mudrock, vinaceous drab and pale greenish gray, mottled...... 14 1 
9. Dolomite, purplish gray, finely granular with dark-maroon 

8. Mudrock, soft, mealy, dolomitic, brick red..................... 3 8 
7. Dolomite, maroon drab, silty, argillaceous; angular inclusions of 

light-gray dolomite and subangular pebbles of pink chert. ..... 2 3 
6. Dolomite, maroon drab, silty, argillaceous; many included 

pebbles of greenish-gray dolomite.......................... 11 8 
5. Siltstone and dolomite, red, with pale-greenish gray mottlings 3 6 
4. Dolomite, brick red, very silty, argillaceous.................... 5 6 
3. Dolomite, silty, sandy, and argillaceous; brown near base but 


more reddish near top; contains clastic pebbles of light-gray 
2. Conglomerate, light gray, containing chert pebbles up to 2 inches 
in diameter; very few dolomite pebbles; matrix ferruginous 
gray dolomite which weathers rusty brown.................. 28 
1. Conglomerate, with chert fragments up to 4 inches in diameter, 
and pebbles of pearl-gray dolomite; matrix of steel-gray 


Beekmantown dolomite 
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Section oF Basau Cuastics Near Mr. Oxiver GRATTON, VIRGINIA 


Top of zone Feet Inches 

6. Mudrock, maroon drab, dolomitic, mealy....................5. 8 
5. Dolomite, coarse-grained, purplish drab, medium-bedded; con- 

tains clastic pebbles of pearl-gray dolomite.................. 13 6 
4. Mudrock, maroon drab, silty, dolomitic; contains irregular 

blotches of greenish-gray dolomite.....................0005: 28 4 
3. Dolomite, light reddish tan and pale green, argillaceous; con- 


2. Dolomite, dull brick red, argillaceous, thin-bedded and blocky; 
contains abundant angular fragments of white to pearl-gray 

1. Dolomite and chert conglomerate; matrix of red silty dolomite 
surrounds pebbles of pearl-gray dolomite; subangular chert 
fragments. Thickness varies about 8 feet because of irregu- 
darity Gf @artace at base Of SOnC....... 13 


Beekmantown dolomite 


ZONE 2. ASH-GRAY SHALE 


The basal clastics grade upward into platy, mealy, caleareous ash-gray 
shale. In parts of Burkes Garden and Thompson Valley flattened 
pebbles of phosphate occur, some of which bear impressions of inarticu- 
late brachiopods. Intercalated in the shales are beds of light-gray 
argillaceous fine-grained limestone and, at the very top, black chert 
nodules. 

The ash-gray shale is a continuous zone well exposed in all the 
Ordovician belts of the county. The thickest sections are present where 
the basal elastics are thick. Apparently zone 2 completed the filling of 
depressions on the post-Beekmantown surface. The zone averages about 
30 feet thick but locally attains 75 feet. 

The best exposure is along State Highway 78 in Burkes Garden, about 
1 mile southeast of Central Church (Pl. 2). The uppermost beds which 
grade into the overlying zone are exposed along State Highway 61 
about 21% miles east of Gratton. About 65 feet is exposed in the 
fields 1 mile east of the end of County Highway 646. 

Poorly preserved, unidentifiable gastropods occur in some of the inter- 
calated limestones, and fragments of inarticulate brachiopods are in some 
beds near the top of the zone. The phosphate in the ash-gray shale 
is no doubt derived from these shells. Blocks of fossiliferous chert 
commonly litter the outcrops, but these have slumped from above. 


ZONE 3. BLOCKY CHERT 


This zone is characterized by thin even beds of dark-gray to black 
chert interbedded with subordinate light-gray fine-grained limestone. In 
weathered exposures, however, the limestones have been dissolved. The 
chert weathers white and breaks into rectangular blocks. The average 
thickness is about 30 feet in the three principal belts of the county. 
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Blocky chert is best exposed along State Highway 78 about 1 mile 
south of Central Church in Burkes Garden, at the north side of the 
limestone quarry at Five Oaks, and in the bluff east of U. S. Highway 
19 along Pounding Mill Branch. Contacts with the overlying zone are 
shown along U. S. Route 19 about 1%4 miles west of Pisgah Church 
and also along State Highway 61 about 214 miles east of Gratton. 

The commonest fossils in the blocky chert are Dinorthis sp. and a 
small Plectorthis. Others are Dinorthis cf. D. atavoides Willard, Leper- 
ditia fabulites (Conrad), Leperditella sp., Calliops sp. (Butts, 1941, 
pl. 75, figs. 22, 23), and Helicotoma-shaped gastropods. Ophiletina seems 
to be represented by an undescribed species. Dinorthis and Calliops 
are especially common at Claypool Hill and in Burkes Garden. 


ZONE 4. FIRST CALCILUTYTE 


The first calcilutyte, composing the lowest of four very similar zones 
of fine-grained, high-calcium limestone, is quarried at Five Oaks and 
at the Peery Lime Company quarry near North Tazewell. Fresh sur- 
faces are characteristically dove gray, but weathered surfaces are gen- 
erally white or light gray. The limestones contain euhedral rhombs of 
calcite 0.5 to 8 mm. in diameter, which are enclosed by exceedingly fine 
calcite grains. The beds break with a furrowed conchoidal fracture 
similar to that of many so-called lithographic limestones. Kindle’s term, 
vaughanite, has been applied to this type of limestone (Butts, 1933, p. 
14; 1940, p. 107). Both Twenhofel (1932, p. 319) and Vaughan (per- 
sonal communication, Dec. 28, 1940) object to this term on the grounds 
that it is a synonym for calcilutyte (Grabau, 1913, p. 295-297). Cal- 
cilutyte has priority and therefore is used in this paper. 

The following fossils are common in the first calcilutyte: 


Corals Trilobites 
Tetradium syringoporoides Ulrich Homotelus sp. 
Gastropods Calliops sp. (Butts, 1940, pl. 75, figs. 
Hormotoma sp. 22, 23) 
Lophospira (several species) Ostracodes 
Trochonema ? sp. Leperditia fabulites (Conrad) 


Calcite replacements of the Tetradium weather to “birdseyes” and con- 
tribute to the distinctive appearance of this type of limestone. Nearly 
all the gastropods are confined to etched outlines on weathered surfaces 
and cannot be specifically identified. 

Good exposures are present at Five Oaks and North Tazewell, along 
County Road 648 about 14 mile east of the stand-pipe at the edge of 
Tazewell, along State Highway 61 about 2% miles east of Gratton, and 
along U. S. Route 19 1144 miles west of Pisgah Church. The average 
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Ficure 2. Asu-Gray SHALE ALONG State HicHway 78 IN BuRKES GARDEN 


Ficure 3. Brockxy Cuert (ZoNE 3) ALONG LINCOLNSHIRE BRANCH 


LITHOLOGIC FEATURES 
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Figure 1. “‘Worm-EaTEen” LimEsTONE IN Sowerbyites BEps ALONG LINCOLNSHIRE BRANCH 
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Ficure 1. Lower LAMINATED LIMESTONE CONTAINING CHERT NODULES IN BuRKES GARDEN 


Ficure 3. CoLuMNAR JoINTING IN Upper LAMINATED LIMESTONE 


LITHOLOGIC FEATURES 


Ficure 2. Opikina Beps ALonc County Hicuway 650 Sours or St. Crain ScHooL 
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thickness is 25 feet, but at North Tazewell it is 125 feet thick, and at 
Five Oaks and near Marys Chapel, 50 feet. 


ZONE 5. SOWERBYITES BEDS 
This zone is composed of brownish-gray to black, medium-grained, 
irregularly bedded limestone averaging 60 feet thick. Nearly all the 
beds contain nodules of dense black chert. Wavy bituminous clayey 
streaks mark the bedding and cause the beds to weather cobbly. Some 
layers near the base develop a “worm-eaten” appearance, as clayey 
stringers are dissolved. 
Common fossils in Zone 5 include: 


Sponges Brachiopods 
Eospongia sp. “Camarotoechia” pristina Raymond 
Bryozoans Dinorthis atavoides Willard 
Glauconome sp. Sowerbyites [Plectambonites] trisepta- 
Monotrypa sp. tus (Willard) 
Nicholsonella sp. Gastropods 
Pachydictya robusta Ulrich a magnus Lesueur 
rilobites 


Homotelus cf. H. elongatus Raymond 


The Sowerbyites beds are well exposed in Burkes Garden 1 mile 
east of Central Church; on the south side of the limestone quarry at 
Five Oaks; along Lincolnshire Branch 1 miles west of Five Oaks, where 
they are 103 feet thick; and immediately west of the highway bridge 
across Pounding Mill Branch. 


Section oF Sowerbyitecs Bens ALONG LINCOLNSHIRE BRANCH, 
1 Mite West or Five Oaks 


Top of zone Feet 
1. Limestone, medium-grained, dark bluish gray, cherty, contains Sowerbyttes 
aamesvone, brownieh gray, very cherty....... 16 
5. Limestone, dark bluish gray, fine-grained, cherty.....................000- 8 
4. Limestone, medium gray; contains Dinorthis atavoides.................. 5 
3. Limestone, medium-grained, dark bluish gray, cherty, contains Maclurites 
2. Limestone, dark bluish gray, medium-grained, compact, has distinctive 
worm-eaten appearance (PI. 2); contains no chert.................... 6 
1. Limestone, fine- to medium-grained, bluish gray, dense; contains nodules 


ZONE 6. FIRST COARSE-GRAINED LIMESTONE 


The Sowerbyites beds are directly overlain by thick-bedded, light-gray, 
coarse-grained limestones composed of abraded fragments of echinoderms, 
bryozoans, and brachiopods. Chert is almost absent. In the western 
part of the county, especially in Ward Cove, this zone contains inter- 
calations of fine-grained cherty black limestone. Fresh exposures of 
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the coarse-grained limestone are light-colored; weathered surfaces are 
almost as dark as those of the Sowerbyites beds. 


Section oF First Coarse-GraInep LIMESTONE NEAR GRATTON 


Begins at top of the Sowerbyites beds, north of County Road. 646. 


Top of zone Feet 
2. Limestone, coarse-grained, light gray with pinkish tinge and cross-lamina- 


1. Limestone, light gray mottled with dark gray, very coarse-grained; 
argillaceous seams along bedding planes; contains specimens of large 


Along State Highway 16 near its intersection with County Highway 
604, about 60 feet of coarse-grained limestone containing Gonioceras is 
exposed. This is an average thickness in the area southwest of Divide 
Church and Gratton. In the eastern quarter of the county the thickness 
averages less than 40 feet. Southwest of the intersection of State High- 
way 91 and County Road 604, the zone contains intercalations of lime- 
stone not unlike that of the Sowerbyites zone. 

Section oF First Coarse-Grainep Limestone ALonc State Hicuway 91 
in THOMPSON VALLEY 


Begins at south side of old quarry, one-eighth mile south of the intersection of State Highway 91 
and County Road 604. 


Top of zone Feet 
6. Limestone, medium- to coarse-grained, buff gray, granular.............. 6 
5. Lamestone, brownish gray, granular.......... 26 
4. Limestone, medium- to coarse-grained, weathering cobbly; contains inclu- 

3. Limestone, light gray, coarse-grained, clastic texture..................4. 10 
2. Limestone, coarse-grained, mottled reddish tan and gray................. 10 
1. Limestone, light gray with pinkish tinge, saccharoidal.................... 10 


Most of the fossils in the zone are so fragmented that their specific 
characteristics are indiscernible. The following fossils have been 
collected at various places in the county: 


Algae Brachiopods 
Girvanella sp. Dinorthis atavoides Willard 
Solenopora sp. Oxoplecia cf. O. holstonensis Willard 
Sponges Zygospira sp. 
Eospongia varians Billings Cephalopods 
Receptaculites sp. Gonioceras sp. 
Bryozoans Trilobites 
Chasmatopora sp. Acrolichas minganensis (Billings) 
Monticulipora sp. Homotelus sp. 
Illaenus sp. 


Zone 6 is especially well exposed in Thompson Valley and between 
Gratton and Tazewell along the southeast base of Buckhorn Mountain. 
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It appears to thin northeastward toward Bluefield and is locally absent in 
Burkes Garden. 
ZONE 7. NIDULITES BEDS 


The Nidulites beds are composed chiefly of dark bluish-gray limestone 
similar to that of the Sowerbyites zone but finer-grained and more com- 
pact. Chert occurs throughout but is especially common in the lower 
25 feet. The zone averages about 125 feet thick in the various belts. 
In Burkes Garden and in Thompson Valley, argillaceous limestones 
compose about 50 per cent of the total. In many places the Nidulites 
zone has three parts. The lowest beds are medium-grained cherty 
limestones containing Receptaculites sp., fragmentary specimens of 
Nidulites, and a small type of Girvanella. The middle part, containing 
Nidulites in abundance and almost exclusively, is finer-grained than 
the lower beds and weathers smoky gray. In Ward and Bowen coves 
this part of the Nidulites zone is very nodular. In the upper third, which 
is distinctly more argillaceous and shaly than the lower beds, Sowerbyella 
ef. S. negrita (Willard), S. delicatula (Butts), Oxopelcia holstonensis 
Willard, and Calliops cf. C. annulatus (Raymond) are common. 

Along U. 8. Highway 19 about 1 mile east of Claypool Hill, the upper 
part of the Nidulites zone contains many trilobite fragments, some of 
which are probably referable to Homotelus and Hyboaspis. Strophomena 
tenuitesta Willard and Sowerbyella delicatula (Butts) are common in 
the highest beds in the southwest end of Burkes Garden. Northeast of 
Wittens Mills in Clinch Valley, the Nidulites zone loses its distinctive 
character and becomes somewhat coarser grained. Only a few specimens 
of Nidulites have been found between Bluefield and Divide Church. 

The total thickness of the beds varies from 75 to 165 feet, with the 
greater thickness prevailing in the western part of the county. In 
Thompson Valley about 135 feet is present just north of the intersection 
of State Highway 16 and County Road 604. Southwest of the inter- 
section of State Highway 91 and County Road 604, it is about 150 feet 
thick. The lower part carries sparse Nidulites, a Gonioceras similar to 
G. anceps, and plentiful Receptaculites sp. Nidulites is especially abun- 
dant in the middle part which consists of 20 feet of smoke-gray limestone. 
The upper 25 feet contains Sowerbyella cf. S. delicatula (Butts) , Nidulites 
pyriformis Bassler, Oxoplecia holstonensis Willard, Eccyliopterus sp., 
Ampux sp., Lingula cf. L. nympha Billings, Calliops ef. C. gracilens 
(Raymond), Calliops annulatus (Raymond), Lophospira perangulata 
(Hall), Sowerbyella ef. S. aequistriata (Willard), Niobe sp., Remopleu- 
rides sp., Homotelus sp., and Schizambon cuneatus Willard. Another 
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good exposure is along the hillside north of the sinkhole in front of the 
buildings at the Tazewell County Farm. WNidulites is abundant in 20 
feet of smoke-gray limestone; Receptaculites is common in granular 
cherty limestone 50 feet below the Nidulites-bearing limestone. In the 
east end of Burkes Garden, Sowerbyella delicatula, Dinorthis sp., and 
Nidulites pyriformis occur in 18 feet of brownish-gray limestone at the 
top of zone 7. The middle portion, comprising 19 feet of smoke-gray 
limestone, contains abundant Nidulites. Receptaculites sp. is very com- 
mon in the basal 15 feet in this locality. In the east end of the Pounding 
Mill quarry, the lowermost beds of the Nidulites zone contain Phrag- 
molites ef. P. triangularis (Ulrich and Scofield), Kionoceras sp., and 
several species of Lophospira, which also occur in the overlying zone. 
Section oF THE Nipuuites Zone State Hicuway 91 
IN THOMPSON VALLEY 


Base of section is the top of the first coarse-grained limestone, south of the intersection of State 
Highway 91 and County Highway 604. 


Top of zone Feet 
6. Limestone, brownish gray, nodular, fine-grained, with sparse Nidulites and 
5. Limestone, fine-grained, light gray, argillaceous, shaly, nodular, with 
abundant Sowerbyella, Nidulites, Oxoplecia, Calliops, Remopleurides, 
Homotelus, Schizambon, Lingula, and Lophospira.................... 18 
4. Limestone, fine-grained, dark gray, cherty, nodular; Nidulites very 
3. Limestone, coarse-grained, dark gray; Receptaculites abundant.......... 25 
2. Limestone, cherty, coarse-grained, cross-laminated near base............ 19 
1. Limestone, cherty, dark gray, fine-grained, with abundant trilobite frag- 


ZONE 8. LOPHOSPIRA BEDS 

The Lophospira beds are dark bluish-gray to black fine-grained 
argillaceous limestone containing numerous species of Lophospira. Chert 
is abundant. Wavy seams of silty clay and streaks of waxy bituminous 
material project from weathered surfaces and give the rock a nodular 
appearance. One of its most distinctive features is the ash-gray 
weathering residue, in which many well-preserved ostracodes occur. 
Intercalated beds of calcilutyte are common near the top. 

The Lophospira zone is one of the most fossiliferous units of the lower 
Middle Ordovician succession, but in most places the fossils are shown 
only by etched outlines. A relatively large fauna was collected from 
deeply weathered exposures about 250 feet west of the intersection of 
U.S. Route 19 and County Highway 650 near Wittens Mills. Preserva- 
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tion of fossils is better here than in any other place in the county. The 
following have been collected and identified: 


Corals L. 
Tetradium syringoporoides Ulrich L. procera Ulrich 
Brachiopods Ophiletina sublaza depressa Ulrich and 
Mimella sp. Scofield 
Multicostella sp Phragmolites cf. P. triangularis (Ulrich 
Sowerbyella ef x negrita (Willard) and Scofield) 
S. sp. Raphistomina sp. 
Sowerbyites sp Trochonema bellulum Ulrich 
Strophomena (Hall) Cephalopods 
8. tenuitesta Willard Cyrtoceras sp. 
Pelecypods Gonioceras sp. 
Conocardium sp. Kionoceras sp. 
Cyrtodonta sp. Plectoceras bondi (Safford) 
Gastropods Pteropods 
Bucania emmonsi Ulrich and Scofield Polylopia [Salterella] billings (Safford) 
Eotomaria canalifera Ulrich Trilobites 
Helicotoma declivis Ulrich Calliops aff. C. gracilens (Raymond) 
aff. H. tennesseensis Ulrich and Scofield Pseudosphaerexochus sp. 
Lophospira aff. L. ampla Ulrich Ostracodes 
L. bicincta (Hall) Leperditia fabulites pinguis Butts 


aff. L. centralis Ulrich 


Other fossil localities are along State Highway 61 at the south end of 
the Peery Lime Company’s quarry, on the hill west of Pounding Mill 
Branch 125 yards southwest of the highway bridge across this creek, 
and in the stone quarry at Pounding Mill. In the southwest end of 
Burkes Garden, Strophomena tenuitesta Willard, Sowerbyella sp., and 
Sowerbyites sp. are very abundant in the lower part of the Lophospira 
zone. Strophomena tenuitesta in abundance is diagnostic of this zone. 

The Lophospira beds are readily identifiable in most places by their 
ash-gray weathering crust, their fossils, and their prevailing blackness. 
The zone averages 40 feet thick in all the belts except that of Burkes 
Garden where it is less than 20 feet thick. 


ZONE 9. SECOND CALCILUTYTE 


The Lophospira zone grades upward into a succession of thick-bedded 
taupe- and dove-gray rather pure calcilutytes. In some parts of the 
county, calcilutyte beds are subordinate to light-gray, fine-grained, cross- 
laminated limestones. Interfingering of the two near Scales and near 
the Al Gillespie farm indicates that they are contemporaneous facies. 
The second calcilutyte is not persistent. It was probably eroded soon 
after deposition, and locally all of it seems to have been removed prior 
to deposition of the next zone. It is not present in Burkes Garden 
where both it and the underlying Lophospira zone have been deeply 
eroded. The second calcilutyte ranges from zero up to 165 feet thick 
but averages only about 20 feet. About 40 feet is well exposed in a 
roadside quarry south of U. 8. Route 19 about 1 mile east of Claypool 
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Hill. In another small quarry 150 yards east of the intersection of 
U.S. Route 19 and County Highway 650 near Wittens Mills, 20 feet of 
calcilutyte represents the zone. Fossils are especially abundant here, 
In Witten Valley about 14 mile south of the point where the transmission 
line crosses State Highway 91, the zone is about 26 feet thick, and the 
lower 10 feet is distinctly cross laminated. Back of the weighing 
station at Scales, near the junction of State Highway 16 and County 
Highway 604, it is represented by 20 feet of interbedded calcilutytes 
and cross-bedded limestones. About 50 feet is present south of the 
intersection of State Highway 91 and County Road 604 on the south- 
eastern side of Thompson Valley, and most of it is cross-laminated 
limestone. About 34 mile northeast of Cliffield, the second calcilutyte 
is 165 feet thick, which is the maximum development in Tazewell County. 
It is quarried at Pounding Mill for fluxing stone. 

The second ealcilutyte contains abundant large Lophospira like those 
described by Butts (1926, pl. 19) from the Mosheim limestone. Other 
fossils include Eospongia sp., Dystactospongia sp., Tetradium syringopo- 
roides, and a small Gonioceras. 


VARIATION IN THICKNESS AND FACIES OF ZONES 5 TO 9 


Strikingly abrupt facies changes in the zones between the first and 
second calcilutytes are observable in three places in Tazewell County. 
In a section north of the end of County Road 646, coarse-grained clastic 
limestones largely supplant the cherty dark-gray limestones which gen- 
erally comprise the Sowerbyites, Nidulites, and Lophospira zones. Only 
a few thin beds of cherty limestone occur in a succession of 286 feet of 
coarse-grained limestone. Less than 34 mile southwest and in the same 
belt of outcrop, the Sowerbyites, Nidulites, and Lophospira zones are 
composed of dark-bluish limestones. Between these two localities the 
cherty dark-bluish limestones interfinger with the coarsely clastic lime- 
stones. About 2 miles east of the locality north of County Road 646, 
the entire succession from the top of the Sowerbyites zone to the top of 
the second calcilutyte is composed of taupe- to dove-gray calcilutytes 
616 feet thick. Careful tracing of these calcilutytes southwest, toward 
County Road 646, has shown that the 286 feet of coarsely clastic lime- 
stones interfingers with parts of the 616 feet of calcilutyte and is there- 
fore equivalent to them. This interfingering indicates that the textural 
variations are primary depositional variations. 

At North Tazewell, near the junction of State Highway 61 and County 
Road 644, the first calcilutyte and succeeding zones up to the top of 
the second calcilutyte are typically developed in both lithology and 
thickness. Half a mile to the east, at the Peery Lime Company’s quarry, 
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the first calcilutyte is 127 feet thick, or four times as thick as along 
County Road 644. The overlying Sowerbyites beds have the same 
thickness in both places. However, the Nidulites and Lophospira zones, 
represented by 135 feet of cherty limestones along County Road 644, 
are predominantly calcilutytes in the Peery quarry. A Girvanella bed 
occurs near the top of the Nidulites zone in both these localities. About 
34 mile northeast of the Peery Lime Company’s quarry the zones between 
the first and second calcilutytes are typically developed, as they are 
also at North Tazewell. Careful tracing along the strike shows that 
calcilutyte in the Peery quarry grades southwest and northeast into 
cherty limestones. As in other areas cited, the facies changes from one 
type of limestone to another are primary features. 

South of Shannondale in Bluestone Valley all the zones above the 
basal clastics are typically developed, except that the second calcilutyte 
is only 5 feet thick. In the section exposed along County Highway 650, 
3 miles northeast of Shannondale, the succession from the top of the 
Sowerbyites zone to the top of the second ealcilutyte is about 900 feet 
thick. In other words, 450 feet of dark-gray cherty limestone at Shan- 
nondale changes within a distance of 3 miles along the strike into 900 
feet of calcilutyte. Within half a mile on either side of the exposed sec- 
tion at St. Clair, the succession between the first and second calcilutytes 
decreases to 450 feet of cherty limestone, none of which is calcilutyte. 

The coarse-grained limestones are calearenytes composed of somewhat 
abraded cleavage fragments of echinoderms and other shelled inverte- 
brates. That these limestones on deposition were shell sands is attested 
by the abundant cross-lamination and current ripple marks. On the 
other hand, calcilutytes which appear to have been precipitated as lime 
muds in relatively quiet waters are devoid of clastic structures and tex- 
tures. Faunas are dominantly molluscan, which is expectable in a 
turbid environment. Dark-gray, cherty, fossiliferous limestones may 
represent intimate mixtures of clastically deposited, inorganically pre- 
cipitated, and biochemically secreted material. As each of the three types 
of limestone is probably the product of a particular type of marine en- 
vironment, the rate of accumulation of each type could hardly be the 
same. These changes in thickness and facies result from local variations 
in each sedimentary environment in which the Sowerbyites beds, the 
first coarse-grained limestone, the Nidulites beds, and the Lophospira 
zone accumulated. 


ZONE 10. SECOND COARSE-GRAINED LIMESTONE 


This unit is composed of medium-bedded, coarse-grained, dark bluish- 
gray, sparsely cherty limestones. A maximum of about 30 feet occurs 
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at this horizon in Tazewell County. In many places the zone is absent, 
Generally, it is noted only where the second calcilutyte is thin or absent, 
From scattered occurrences in a number of localities in the county, the 
second coarse-grained limestone was seemingly deposited only in the 
“lows” of a slightly irregular surface. 

The following fossils have been found in the second coarse-grained 
limestone: 


Sponges Glyptorthis bellarugosa (Conrad) 
Eospongia roemeri Billings Mimella melonica (Willard) 

Bryozoans Opikina “minnesotensis” (Winchell) 
Nicholsonella sp. Ptychoglyptus sp. 

Brachiopods : Strophomena tennesseensis Willard 
Camarella varians Billings Zygospira cf. Z. acutirostris (Hall) 


“Camarotoechia” cf. C. pristina Ray- Gastropods 
Maclurites magnus Lesueur 


mond 

C. quadriplicata Willard 
Of these, Camarotoechia quadriplicata is the most common. Maclurites 
magnus has been found in several localities in the county, but those 
from the second coarse-grained limestone come from Burkes Garden only, 

The best exposures are on the rim of a sinkhole west of the cattle 
barn at the Tazewell County Farm, on the southeast side of Thompson 
Valley about 2 miles southwest of the intersection of County Highways 
602 and 604, and 34 mile south of Shannondale in Bluestone Valley. 


ZONE 11. OPIKINA BEDS 

This unit consists of very argillaceous, nodular-weathering, dark-gray 
limestones which are best developed in the eastern half of the county 
(Pl. 3). In the western part the zone is 5 to 50 feet thick but reaches 
its maximum thickness of 100 feet in Burkes Garden. In Bluestone 
and Clear Fork valleys the Opikina beds are about 50 feet thick. The 
zone is absent in the Clinch Valley belt between Five Oaks and a point 
mile west of the intersection of County Roads 631 and 632. 

The following forms have been collected: 


Algae Mimella melonica (Willard) 
Girvanella sp. M. superba Butts 

Sponges M. vulgaris (Raymond) 
Dystactospongia sp. Multicostella brevis (Willard) 
Eospongia roemeri Billings M. platys (Billings) 

Bryozoans Opikina “minnesotensis” (Winchell) 


Anolotichia cf. A. explanata Coryell Ptychoglyptus sp. 
Pachydictya sp. Plectorthis cf. P. exfoliata Raymond 


Brachiopods Rafinesquina ? cf. R. deltoidea 
Camarella cf. C. varians Billings (Conrad) 
Camarotoechia quadriplicata Willard R. ? sp. (Butts, 1941, pl. 86, figs. 3, 4) 
“C.” pristina Raymond R. ? pulchella Raymond 
Dinorthis cf. D. interstriata Willard Sowerbyella sp. (Butts, 1941, pl. 90, figs. 
D. quadriplicata Willard 1-8) 
D. transversa Willard Strophomena tennesseensis Willard’ 
Glyptorthis bellarugosa (Conrad) Zygospira acutirosiris (Hall) 


2 Compare with Strophomena amploides (Butts, 1941, pl. 87, figs. 7-12). 
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Gastropods Homotelus elongatus Raymond 
Holopea scrutator Raymond Illaenus fieldi Raymond 
Maclurites magnus Lesueur Ostracodes 

Trilobites Eurychilina cf. E. latimarginata 
Bumastus cf. B. ioderma Raymond (Raymond) 

Calliops cf. C. annulatus (Raymond) Leperditia sp. 


Strophomena tennesseensis and Opikina “minnesotensis” are the com- 
monest fossils of this zone, and specimens of the latter genus are more 
numerous than all others. The Maclurites magnus from this zone and 
specimens of M. Magnus from Lenoir City, Tennessee, are indistinguish- 
able. Most specimens of M. magnus from this zone come from the 
northwestern part of Burkes Garden, but a few have been found in 
other belts. 

The best exposure is just west of the cattle barn at the Tazewell 
County Farm, southeast of Tazewell. Another good exposure occurs 
along County Highway 650 about 14 mile south of St. Clair School. The 
Opikina beds are well displayed near Pounding Mill about 100 yards 
west of the intersection of U. 8. Route 19 and County Road 637, and here 
Strophomena tennesseensis, Opikina sp., and Rafinesquina ? cf., R. magna 
Butts are unusually abundant. 


ZONE 12. CHASMATOPORA BEDS 


The Opikina beds are overlain by another nodular zone which is 
coarser-grained, more argillaceous, and weathers light buff. The cal- 
eareous part of the rock is composed almost wholly of fragmented 
fossils, of which Chasmatopora and the stem plates of crinoids and 
eystoids are abundant. Chasmatopora is not confined to this zone, but 
it is rather sparse at other horizons in the county. It is not found with 
Graptodictya, Dinorthis quadriplicata, Sowerbyella, and Paurorthis at 
any other stratigraphic horizon. Among the common fossils are: 


Algae Graptodictya sp. (Butts, 1941, pl. 91, 
Girvanella sp. figs. 17-19) 
Solenopora compacta (Billings) Phaenopora sp. 
rachiopods 
Eospongia varians Billings Dinorthis ef. D. quadriplicata Willard 
Corals : D. interstriata Willard 
Tetradium sp. (Butts, 1941, pl. 88, fig. Glyptorthis bellarugosa (Conrad) 
11) Leptaena ? aff. L. palustris Willard 
Cystoids Mimella superba Butts 
Echinosphaerites aurantium Multicostella platys (Billings) 
(Gyllenhal) Opikina “minnesotensis” (Winchell) 
Crinoids Paurorthis sp. 
Rafinesquina ? ef. R. obsoleta Butts 
Paleocrinus cf. P. striatus Billings Souenelin aff. S. aequistriata 
Bryozoans (Willard)* 
Chasmatopora sp. (Butts, 1941, pl. 91, Strophomena tennesseensis Willard 
figs. 15, 16) Valcourea sp. 


Compare with species illustrated by Butts (1941, pl. 90, figs. 1-8). 
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The Chasmatopora zone is 35 to 75 feet thick west of Tazewell in 
Witten Valley, Little River Valley, and Thompson Valley. It is also 
present in Burkes Garden but is not more than 40 feet thick. Northeast 
of Tazewell it thins to about 25 feet and in Clinch and Bluestone 
valleys it is thin or absent northeast of Pisgah Church. The lithologie 
differences between the Opikina and Chasmatopora zones are best dis- 
played in Burkes Garden about 11% miles west-southwest of the inter- 
section of County Highways 667 and 625 (Medley Valley Road). South 
and west of Pounding Mill and Liberty, both the Opikina and Chasmato- 
pora zones become argillaceous, and their contact is not sharply de- 
fined. In Ward Cove, opposite the Al Gillespie farm, the interval of 
the zones is occupied by buff nodular limestones and shales which con- 
tain the same fossils found in the two zones farther northeast in Thomp- 
son Valley and elsewhere in Tazewell County. 


ZONE 13. CROSS-BEDDED LIMESTONE 


The Chasmatopora beds are overlain by coarse-grained clastic lime- 
stones averaging 50 feet thick, which are unusually distinctive because 
of their cross-bedding. The lower part is dark bluish gray; the middle 
and thicker part is light gray and coarse-grained; and the uppermost 
beds are dark gray and cherty. Most of the zone is composed of light- 
gray pinkish clastic limestone similar to the so-called Holston limestone 
of Tennessee. Practically the same fauna occurs in this zone as in the 
Chasmatopora beds. Girvanella, Solenopora, Graptodictya, Chasmato- 
pora, and cystoid columnals are common. Ptychoglyptus is also con- 
spicuous, especially in Thompson Valley. 

The cross-bedded limestone is exposed along State Highway 91 about 
14 mile south of the intersection of this road with County Road 604. It 
is also well shown in Witten Valley 1% mile south of the point where 
the transmission line crosses State Highway 91. Persistent dark-gray 
cherty limestones at the top of the zone are best exposed along Pounding 
Mill Branch about 50 yards southeast of the intersection of U. 8. Route 
19 and County Road 637. In the western part of the county the zone 
of cross-bedded limestone is directly overlain by lithologically similar 
beds, but the cherty limestones form a reliable basis for separating the 
two zones. The average thickness of the cross-bedded limestone is 50 feet. 


ZONE 14. LOWER LAMINATED LIMESTONE 


This unit is the lower of two straticulate calcilutytes in the Ordovician 
limestones of the county. Both zones are argillaceous, but the lower 
is less so. In the lower layers, nodules of white chert (Pl. 3) are common, 
but no chert occurs in the upper part. Lamination is not apparent on 
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fresh exposures but is accentuated where clayey films between the 
limestone laminae have weathered. Many bedding surfaces are mud- 
cracked. Reworking of the desiccated sediment produced lenses of 
edgewise conglomerate and sliver breccias. 

The lower laminated zone averages only 10 feet thick, but locally in 
Burkes Garden and in the area northeast of Tazewell it is 30 to 35 feet. 

Fossils are not especially common, but along weathered bedding sur- 
faces a few Tetradium cellulosum (Hall), pygidia of Bathyurus, Calyp- 
taulax, and Primitiella sp. are found. 

The lower laminated limestone is absent in western Tazewell County. 
In Clinch Valley it persists southwestward to within 14 mile of County 
Road 609 but in other belts it is absent south and west of Liberty. 
Local absence of the Opikina beds, the Chasmatopora beds, and the 
eross-bedded limestone between Pisgah Church and Divide Church, 
places the zone upon the second calcilutyte, the Opikina beds, or the 
Chasmatopora beds. 

ZONE 15. THIRD CALCILUTYTE 

The lower laminated limestone grades upward into thick-bedded dove- 
gray calcilutytes, comprising the third zone of this distinctive rock in 
the lower Middle Ordovician succession. Weathered surfaces of the 
third calcilutyte are light gray to creamy white and are covered with 
cross sections of Tetradium tubes. This zone locally contains inter- 
calations of dark-gray cherty limestone which is especially conspicuous 
south of Shannondale in Bluestone Valley. Thin lenses of intraforma- 
tional conglomerate generally occur directly above mud-cracked bedding 
surfaces. ' 

Fossils include: 


Sponges Gastropods 

Cryptophragmus antiquatus Raymond Eotomaria sp. 

(very rare) Omospira cf. O. laticincta Ulrich 

Hydroids Subulites sp. 

Stromatocerium rugosum Hall (rare) Cephalopods 
Corals Orthoceras sp. (common) 

Tetradium cellulosum (Hall) Ostracodes 

T. columnare ? (Hall) Tsochilina sp. 

T. racemosum Raymond (common) Leperditella sp. 


Primitiella constricta Ulrich 


The third calcilutyte averages about 50 feet thick and is best dis- 
played in the eastern half of the county. Its distribution is coextensive 
with that of the lower laminated limestone. One of its best exposures is 
along State Highway 16 14 mile north of the intersection with County 
Road 604. Other good exposures are in the quarry of the Blue Grass 
Lime Company at Maxwell, near a quarry about 200 yards east of the 
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intersection of U. S. Route 19 and County Highway 650, and at the 
Tazewell County Farm. 
ZONE 16. STROMATOCERIUM RUGOSUM BEDS 

The Stromatocerium beds are light- to medium-gray coarse-grained 
clastic limestones. Some are pinkish and cross-laminated. The darker 
beds are argillaceous and disintegrate into a rubble of shell fragments, 
Reeflike masses of corals and bryozoans are especially characteristic. 
Relatively few species of fossils occur, but these few are abundant. 
Stromatocertum rugosum Hall, Columnaria halli Nicholson, Lichenaria 
carterensis (Safford), Solenopora compacta (Billings) , and a large species 
of Girvanella are especially numerous. Others include Batostoma ef. 
B. sevieri Bassler, Pachydictya robusta Ulrich, Cheirocrinus angulatus ? 
Wood, Cleiocrinus cf. C. tessellatus (Troost), Carabocrinus sp., Dia- 
bolocrinus sp., Receptaculites sp., and Dystactospongia sp. 

In the western half of the county the Stromatocerium beds average 
about 50 feet thick. They are especially well developed in Thompson 
Valley and extend northeast to the western part of Burkes Garden. 
In median belts, they thin northeastward. At the Tazewell County 
Farm only 4 feet is presen, and they are absent northeast of Marys 
Chapel. In Clinch Valley the zone also thins northeastward and is ab- 
sent beyond Five Oaks. 

The underlying calcilutyte ana the laminated zone thin southwestward 
as the Stromatocerium beds thicken. {n the western half of the county 
the latter lie upon a surface of disconformity which bevels the third 
calcilutyte and the lower laminated limestone. In Little River Valley 
and in Thompson Valley and Ward Cove, the Stromatocerium beds over- 
lie unconformably the zone of cross-bedded limestone. North of 
Wardell in the western part of the county they directly overlie the 
zone of cross-bedded limestone, but less than 1 mile northeastward the 
third calcilutyte and lower laminated limestone are below the base of 
the Stromatocerium beds. At Claypool Hill, 45 feet of beds containing 
Tetradium cellulosum occurs between the Stromatocerium zone and the 
cross-bedded limestones, whereas south of Claypool Hill in median 
and southeastern belts the third calcilutyte and lower laminated zone 
are absent. 

ZONE 17. RECEPTACULITES BICONSTRICTUS BEDS 

The Stromatocerium beds are succeeded by drab-gray fine-grained 
argillaceous limestones which weather nodular and bright buff. Wavy 
seams of buff-weathering shale surround lenticular nodules of fairly 
pure, fine-grained limestone. The weathered limestone nodules form 
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a loose rubble, and, because of this nodular character, the contacts with 
overlying and underlying beds are sharp. Locally this zone contains 
lenses of coarse-grained clastic limestone, one of which occurs in the 
section exposed along State Highway 16 north of its intersection with 
County Road 604. 

This is one of the most fossiliferous zones in Tazewell County. It is 
characterized by abundant Receptaculites biconstrictus Ulrich (Bassler, 
1909, pl. 21). The fossils collected and identified are: 


Algae Brachiopods 
Girvanella sp. Camarotoechia ? plena (Hall) 
ponges Glyptorthis sp. 
Receptaculites biconstrictus Ulrich Mimella globosa (Willard) 
Cystoids Pionodema ? subaequata circularis 
Caryocystites sp. (Winchell) 
Crinoids Strophomena emaciata Winchell and 
Carabocrinus sp. Schuchert 
Bryozoans S. incurvata ? (Shepard) 
Batostoma sevieri Bassler Valcourea cf. V. deflecta (Conrad) 
Escharopora subrecta ? (Ulrich) Pelecypods 
Graptodictya sp. Vanuzemia cf. V. crassa Ulrich 
Hemiphragma sp. Trilobites 
Pachydictya sp. Calliops cf. C. callicephalus (Hall) 
Scenellopora radiata Ulrich Illaenus conradi Billings 
Ostracodes 


Isochilina armata (Walcott) 


The distribution of the Receptaculites zone is approximately coex- 
tensive with that of the Stromatocerium beds. One of its best exposures 
is along State Highway 16 north of its junction with County Road 604. 
Contacts with the Stromatocerium beds are well shown along County 
Road 609 about 1 mile south of Wardell and also along County Road 
610 about 1 mile north of the ford across Little River. The Receptaculites 
zone is 75 feet thick in western Tazewell County and thins gradually 
to the northeast. In the west environs of the town of Tazewell, it is 
only 15 feet thick. Except for a thin development in the western part 
of Burkes Garden, it is absent in the eastern part of the county. 

ZONE 18. THIRD COARSE-GRAINED LIMESTONE 


Locally in the western half of Tazewell County, discontinuous beds 
of light-gray coarse-grained clastic limestone overlie the Receptaculites 
biconstrictus beds. Most of it is pinkish, resembling the so-called 
Holston marbles of Tennessee. The thickness ranges from a few inches 
to 25 feet. 

Fossils are moderately abundant, but nearly all are too fragmented 
for identification. Cystoid and crinoid stem-plates are especially plenti- 
ful. The best exposure is along State Highway 16 about 14 mile north 
of the intersection with County Road 604. 
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ZONE 19. BUFF SHALE 


The coarse-grained limestones grade upward into calcareous, platy, 
mealy shales averaging 40 feet thick. Their characteristic buff color is 
developed by weathering, but, where fresh, the shales are light bluish 
gray. In median belts of the western part of the county, steel-gray, 
buff-weathering sandstones occur near the top. The shale thins north- 
eastward and pinches out near Marys Chapel and near Five Oaks in 
the Clinch Valley belt. 

Fossils are moderately plentiful in the buff shale, and most of them 
belong to the bryozoan genera Chasmatopora, Eridotrypa, Escharopora, 
Graptodictya, Monotrypa, and Scenellopora. Locally, crinoids occur 
in the basal layers. 

The buff shale is fully exposed along County Road 609 about 1 mile 
south of Wardell, along County Road 610 about 1 mile north of the 
ford across Little River, along State Highway 16 on the northwest 
side of Thompson Valley, and along State Highway 91 on the south- 
eastern side of Thompson Valley. 


ZONE 20. BROWN SANDSTONE TONGUE 


In the western third of the county buff shale is sueceeded by 5 to 22 
feet of laminated calcareous sandstone, steel-gray when fresh, but in 
most exposures deeply weathered to a dark rusty brown. In Ward 
Cove and in the western part of Thompson Valley the sandstone forms 
a ledge at the head of numerous gullies. 

The sandstone is thickest southwest of Claypool Hill and west of 
Maiden Spring along the south side of Bowen Cove. Good exposures 
occur along State Highway 91 on the southeast side of Thompson 
Valley and along County Road 609 about 1 mile south of Wardell. 


ZONE 21. RED MUDROCK TONGUE 


The red beds which comprise much of the upper part of the lower 
Middle Ordovician succession in Tazewell County first appear in a 
tongue immediately overlying the brown sandstone. The mudrock 
tongue reaches farther northeast than the sandstone and is found 
throughout Thompson Valley and Clinch Valley to a point 3 miles east 
of Tazewell. 

This zone is composed almost entirely of red lumpy mudrocks. Some 
of the beds are mottled light maroon and apple green. Bedding in the 
upper 8 to 12 feet is straticulate, and mudcracks are abundant. Desicca- 
tion of the sediment soon after its deposition produced hexagonal jointing, 
causing the mudrock to weather into columns. This feature is well 
shown along State Highway 16 on the northwest side of Thompson Valley. 
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Fossils are uncommon, but locally in Thompson Valley Tetradium 
fibratum Safford occurs in some of the more limy beds. 

The red mudrock tongue is 30 to 60 feet thick in the western part 
of the county and as far northeast as Tazewell. East of town, it thins 
rapidly and pinches out near Marys Chapel and North Tazewell. One 
of the best exposures is along State Highway 16 about 144 mile north 
of County Road 604. Other good exposures are along State Highway 
91 in Thompson Valley and along County Highway 609 south of 
Wardell. 

ZONE 22. UPPER LAMINATED LIMESTONE 

This zone is composed of light-gray platy-weathering straticulate 
ealcilutytes and is much more argillaceous than the lower zone of 
laminated limestone. Most of the bedding surfaces are mud-cracked, and 
locally desiccation fractures have developed columnar jointing. This is 
well shown 14 mile west of the intersection of County Roads 631 and 
632 (Pl. 3). The lower part appears to interfinger with the upper part 
of the red mudrock tongue, and the two are therefore considered penecon- 
temporaneous. The upper laminated limestone ranges from 2 to 60 
feet thick but averages scarcely more than 20 feet. 

Fossils collected include: 


Corals Gastropods 
Tetradium clarki ? Okulitch Ltospira sp. 
T. fibratum Safford Trilobites 
T. racemosum Raymond Calliops callicephalus (Hall) 
Ostracodes 


Isochilina armata (Walcott) 


The zone is very persistent throughout the Tazewell County belts. 
In the eastern part of the county it directly overlies the third calcilutyte, 
but to the southwest six zones which aggregate more than 200 feet 
separate the upper laminated limestone from the third calcilutyte. 
From the Russell-Tazewell county line northeastward, the zone suc- 
cessively overlaps the red mudrock tongue, the brown sandstone tongue, 
buff shale, the third coarse-grained limestone, the Receptaculites beds, 
and the Stromatocerium beds. The best exposure is about 14 mile west 
of the junction of County Roads 631 and 632. 


ZONE 23. FOURTH CALCILUTYTE 


Thin-bedded taupe-gray calcilutytes comprise this zone throughout 
Tazewell County. Of the four calcilutytes, this zone is the most argil- 
laceous. Mud cracks are abundant, and the zone contains lenses of 
edgewise conglomerate produced by partial reworking of desiccated lime 
muds. 
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Fossils collected include: 


Sponges Gastropods 

Dystactospongia minor Ulrich and Helicotoma cf. H. verticalis Ulrich 
Everett Maclurites bigsbyi (Hall) 

Hydroids Subulites regularis Ulrich and Scofield 
Dermatostroma sp. Cephalopods 

Corals Orthoceras multicameratum Emmons 
Tetradium cellulosum (Hall) Trilobites 
T. clarki ? Okulitch Calyptaulaz confluens (Foerste) 
T. fibratum Safford Calliops callicephalus (Hall) 


Species of Tetradium are most common. 

The zone averages 25 feet thick and occurs throughout all the 
Ordovician limestone belts of the county. The fourth calcilutyte, in 
both lithology and thickness, is one of the most uniform of the lower 
Middle Ordovician zones. Good exposures occur south of Shannon- 
dale, along State Highway 16 southeast of Tazewell, and on the south- 
eastern side of Thompson Valley along State Highway 91. 


ZONE 24. CRYPTOPHRAGMUS BEDS 


The fourth calcilutyte is succeeded by a thin but persistent zone of 
ribbon-bedded coarse-grained coquina limestone. West of Tazewell 
along U. 8S. Route 19, lenses of buff shale occur near the base of the 
unit. The thickness varies from 10 to 25 feet and averages 18 feet. It 
grades into the overlying zone. Beds of coarse-grained limestone 
identical to that of the Cryptophragmus zone are thinly intercalated in 
the overlying zone but constitute less than 10 per cent of the total thick- 
ness. The top of the Cryptophragmus zone is marked by the sudden 
appearance of very fine-grained limestones of the overlying zone. 

This zone, characterized by the abundance of Cryptophragmus an- 
tiquatus Raymond (Beatricea gracilis Foerste), is the most fossiliferous 
unit in the lower Middle Ordovician succession. Among the common 
fossils are: 


Sponges Strophomena incurvata (Shepard) 
Cryptophragmus antiquatus Raymond Zygospira recurvirostris (Hall) 
Corals Gastropods 


Helicotoma cf. H. granosa Ulrich 


Tetradium cellulosum (Hall 
Omospira cf. O. laticincta Ulrich 
‘ ephalopods 
Orbignyella sp. : Orthoceras multicameratum Emmons 
Phyllodictya frondosa Ulrich Trilobites 
Rhinidictya nicholsoni Ulrich Calyptaulaz confluens (Foerste) 
Brachiopods Illaenus sp. 
Doleroides sp. Ostracodes 
Hesperorthis cf. H. tricenaria (Conrad) Tsochilina armata (Walcott) 
Pionodema minuscula Willard Krausella arcuata Ulrich 


Sowerbyella cf. S. lebanonensis Bassler Leperditella sulcata (Ulrich) 
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The zone is fully exposed along State Highway 16 about 14 mile 
north of County Road 604 and also along State Highway 91 in Thompson 
Valley. 

ZONE 25. CAMAROCLADIA BEDS 

This zone consists of even-bedded, dense, fine-grained limestones. 
Golden gray prevails, but locally dark dove grays, hyacinth grays, and 
light beige grays predominate. Weathered surfaces are considerably 
lighter than the fresh rock. The thickness varies from 45 to 75 feet and 
averages about 60 feet. Thin ribbon beds of coarse-grained limestone, 
containing the fauna of the Cryptophragmus zone, form minor inter- 
calations. 

Typically golden-gray fine-grained beds are full of sponges and fucoids, 
most of which closely resemble Camarocladia gracilis and Buthotrephis 
inosculata (Bassler, 1932, pls. 8, 9). Where weathering has removed 
the clayey fillings, the limestones have a pitted “worm-eaten” appear- 
ance. Coarse-grained limestone intercalations do not contain fucoids. 

The Camarocladia zone is the best stratigraphic marker in the entire 
Ordovician succession and is easily recognized in all the Tazewell 
County belts. Its full thickness is exposed along State Highway 16 
¥, mile north of County Road 604, along County Road 609 south of 
Wardell, and along the Norfolk and Western Railway south of Five 
Oaks and also at Maxwell. 


ZONE 26. RED MARBLE 


This zone includes the transitional beds between the golden-gray lime- 
stones containing Camarocladia and a thick body of predominantly red 
mudrock, limestone, and siltstone. The red marble zone is so named 
because the rock is suitable for interior decorative stone. Although reds 
predominate, the beds are varicolored, dense, fine-grained, and medium- 
bedded. 

About 114 miles west of Scales, Tetradium fibratum is abundant. Else- 
where no fossils were seen. 

Good exposures of the zone occur a few yards south of the inter- 
section of U. 8. Highway 19 with County Road 609, in Clear Fork Valley 
north of Gratton, and along State Highway 16 southwest of Tazewell. 
The thickness averages about 40 feet. Contacts with the overlying and 
underlying beds are transitional. 


ZONE 27. RED MUDROCK 


The variegated marble beds are overlain by 250 to 400 feet of maroon- 
drab, brick-red, buff-gray, and olive-drab mudrock and siltstone, waxy 
red shale and metabentonite, bluish-gray calcilutyte, and drab-gray 
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argillaceous limestone. Most of the beds are calcareous. The lithology 
is typically shown along State Highway 16 southwest of Tazewell. 


Secrion oF Rep Muprock Zone Aone State Hicuway 16, 
SouTHWEST OF TAZEWELL, VIRGINIA 


Begins about % mile north of the junction of State Highway 16 and County Road 604. 


Top of zone Feet Inches 
27. Mudrock, maroon drab and pale green, very calcareous........ 9 
25. Mudrock, maroon drab, shows fracture cleavage................ 4 6 
24. Shale, dark 1 
23. Mudrock, pale green mottled with red....................0000 9 
20. Shale, brick red to dark maroon..................cccscceseeees 1 
19. Mudrock, maroon drab, with mud-cracked bedding surfaces.... 15 
18. Shale, bentonitic, waxy, dark maroon....................... Stari 6 
17. Mudrock, maroon drab and greenish gray, mottled............ 25 
16. Shale, maroon drab, waxy, bentonitic...................0.00005 2 
15. Mudrock, brick red, slightly caleareous.....................6-. 8 
14. Shale, maroon drab, waxy, bentonitic.....................005- 2 
13. Mudrock, reddish brown, calcareous, silty...................... 28 
12. Shale, in sheared zone, reddish and greenish, mottled, waxy, 
11. Mudrock, maroon drab, with intercalations of light-gray argil- 
10. Limestone, greenish gray and maroon drab, mottled, very fine- 
9. Limestone, greenish gray and maroon drab, mottled, laminated, 
3 8. Calcilutyte, dove gray to greenish gray, with thin seams of 
: 7. Mudrock, bluish gray, calcareous.....................c0eeeeees 1 9 
: 6. Calcilutyte, dove gray, with abundant calcite veins and vugs. (A 
4 fault terminates this bed near top of the road cut.)........... 4 6 
: 5. Mudrock, brick red, shaly, contains a few thin seams of mottled 
af red and green calcareous mudrock........................-. 17 6 
=i 4. Calcilutyte, light gray to greenish gray, with yellow clay partings 16 6 
3. Mudrock, maroon drab, silty, mealy, noncaleareous; contains 
thin beds of greenish-gray limestone.....................0. 51 
2. Mudrock, maroon drab, calcareous......................00005 8 
1. Mudrock, brick red and greenish gray, mottled, with intercala- 
tions of greenish-gray 51 


Most of the mudrocks are mud-cracked, and lenses of sliver breccia 
formed by slight reworking of desiccated sediment occur (PI. 4). A 
prominent dispay of mud-cracked bedding surfaces is shown along U. 8. 
Route 19 near the Tazewell-Russelll county line. 

The average thickness of the red mudrock zone is 325 feet. 

Rosenkrans (1936, p. 102-105) was the first to identify metabentonites 
in the red mudrocks of Tazewell County. Most of them occur as thin 
partings of waxy shale along the bedding surfaces. They have little 
value as stratigraphic markers because they cannot be identified in 
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Ficure 2. CuNEIFoRM JOINTING IN SILICIFIED Muprock 
(ZONE 29) 


LITHOLOGIC FEATURES 
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natural exposures or distinguished from one another in the few ex- 
posures in the county. 

Fossils are rather rare, but some of the intercalated gray limestones 
contain Tetradium cf. T. fibratum. Some of the clay stringers in the 
red beds are probably Camarocladia tubes. 

Parts of the red mudrock are exposed along U. S. Route 19 near the 
junction with State Highway 91, at Wardell along U. 8. Route 19, and 
along State Highway 91 on the southeast side of Thompson Valley. The 
upper part is best shown in the east environs of Tazewell along U. 8S. 
Route 19. 

ZONE 28. RED SILTSTONE 

The uppermost 15 to 35 feet of red beds consist of maroon-drab and 
olive-drab siltstone and fine-grained sandstone, which are considerably 
more resistant than the underlying mudrocks. Locally, these siltstones 
form low hills and rim the heads of tributaries. The persistence of this 
zone throughout Tazewell County makes it an excellent horizon marker. 

Red and olive-drab siltstones are exposed along State Highway 16 
where the road crosses Plum Creek, about 34 mile north of Scales. It 
is also well exposed along U. S. Route 19 at Wardell and south of 
Wardell along County Road 609. 


ZONE 29. CUNEIFORM BEDS 


The red beds are succeeded by 30 to 115 feet of dark-gray calcareous 
mudrock, medium-gray argillaceous limestone, dark-brown siltstone, 
wavy bands of rusty-brown fossiliferous chert, apricot-buff metabento- 
nite, and greenish-gray cuneiform-jointed siliceous mudrock. The cunei- 
form-jointed beds invaribly overlie or underlie the metabentonites. The 
jointing of the silicified beds is the most striking feature (PI. 4). 

At least some of the cuneiform-jointed beds are known to be Trenton 
because the upper part contains Sowerbyella curdsvillensis (Foerste), 
Rafinesquina alternata (Emmons), and Dalmanella ? rogata (Sardeson), 
all of which are apparently indexes of the Trenton group. 

The typical lithology is exceptionally well shown along State Highway 
16 about 14 mile north of Scales. 

This section has been measured and described by Rosenkrans (1936, 
p. 102-105), but the boundaries of his cuneiform zone are not the same 
as the writers’. In many localities in Tazewell County, cuneiform- 
jointed beds occur directly above the red siltstone, but in other places, 
particularly in the western part of Burkes Garden, as much as 50 feet of 
drab-gray argillaceous limestone occurs above the highest red siltstone 
and below the lowest cuneiform-jointed bed. These limestones are litho- 
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logically identical to those immediately associated with cuneiform. 
jointed beds and hence are included in zone 29. 

Two thick beds of metabentonite and several thinner layers occur in 
the cuneiform zone. The lowest thick metabentonite generally occurs 


SecTION oF CUNEIFORM Beps ALonG State HicHway 16 
NortH or ScALes 


Top of zone Feet Inches 


19. Siltstone, cuneiform-jointed, siliceous, bluish gray.............. 7 
18. Mudrock, greenish gray, calcareous...................0-ee000e: 2 4 
17. Mudrock, greenish gray, calcareous, contains numerous vugs and 

15. Mudrock, cuneiform-jointed, silicified, dove gray............... 3 
13. Limestone, bluish gray, siliceous, cobbly, thin-bedded, ripple- 

marked; ‘cuneiform-jointed brown chert bands at the top of 

zone containing Dalmanella rogata (Sardeson), Rafinesquina 

alternate (Emmons), and Sowerbyella curdsvillensis (Foerste) 4 


12. Shale, greenish gray, interbedded with lumpy calcareous siltstone. 3 6 
11. Shale, apricot buff, bentonitic, with many seams of pure meta- 

bentonite 1/32 to 1% inches thick.......................... 4 4 
10. Limestone, partly silicified, cuneiform-jointed, bluish gray...... 7 


9. Limestone, thin-bedded, drab gray and dark brown, argillaceous, 
cobbly; calcite vugs, some of which replace fossils; a few 
ostracodes including Eurychilina subradiata Ulrich, Leperdi- 


tella sulcata (Ulrich), and Isochilina (large species).......... 12 2 
8. Shale, greenish gray, bentonitic, with 14% inches of maroon-drab 
7. Mudrock, greenish gray, calcareous, even-bedded, weathers 
nodular to cobbly; topmost beds are cuneiform-jointed...... 8 
6. Limestone, cuneiform-jointed, siliceous, greenish gray, very fine- 
grained; contains greenish shale....................0.000008 5 2 
5. Clay, buff, bentonitic and arkosic..............ccccccssccscceee 1 
2. Limestone, cuneiform-jointed, greenish gray to dark gray, silici- 
fied in upper part; contains Achatella transsectus (Raymond) 
and a very large species of Isochilina........................ 2 2 
1. Mudrock, drab gray, nodular, caleareous; contains many vugs of 
calcite; Escharopora subrecta (Ulrich) in shale at top........ 4 6 


about 10 feet above the highest red siltstone, and the upper thick meta- 
bentonite is 20 to 30 feet higher in the section. Local crumpling of other 
metabentonites causes them to be equally as thick, and it is difficult to 
distinguish them. Because of local variations, precise regional cor- 
relations based on thickness of bentonitic zones are not satisfactory. The 
writers recognize two thick zones of metabentonite in the cuneiform zone 
on the basis of evidence gathered from a study of many exposures within 
Tazewell County. 

Beds exhibiting cuneiform jointing are invariably silicified and are 
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contiguous to metabentonite zones. Mathews (1934, p. 11) has intimated 
that the peculiar jointing may be related to beds of altered volcanic 
ash. Apparently the cuneiform jointing owes its development to the 
extreme brittleness of the silicified beds. The mudrocks and lime- 
stones contiguous to the beds of voleanic ash probably were silicified 
during the chemical alteration of the ash to bentonite, which is accom- 
panied by the release of considerable silica. Possibly the chert bands 
in the cuneiform-jointed zone were similarly formed. 

Except for Trenton coquinas in the upper part, the cuneiform beds con- 
tain few fossils. The lowest Trenton coquina carries Rafinesquina “alter- 
nata,” Dalmanella rogata, Sowerbyella curdsvillensis, and S. “sericea,” 
which definitely mark the containing beds as Trenton. Beds under- 
lying these coquinas contain Jsochilina, Eurychilina subradiata Ulrich, 
Hallopora multitabulata (Ulrich), Escharopora subrecta (Ulrich), and 
Leperditella sulcata (Ulrich). 

The cuneiform beds are well exposed along State Highway 61 north 
of Benbolt, along State Highway 16 southwest of Tazewell, along U. S. 
Route 19 at Wardell, and along State Highway 78 south of Gratton. 


PREVIOUS CLASSIFICATION 


Campbell (1896; 1897) first described comprehensively the rocks of 
Tazewell County. He divided the lower Paleozoic rocks into a few moder- 
ately thick formations on the basis of lithology. As inferred from his geo- 
logie maps, he probably included the basal clasties (of this paper) in the 
Knox dolomite. All bluish-gray limestones up to and including the 
Camarocladia zone were classified as Chickamauga limestone. The 
tongue of red mudrock in the limestones was included in the Chicka- 
mauga. The “Sevier shale,” which he delineated in the Pocahontas and 
Tazewell folios (Campbell, 1896; 1897), probably includes the cuneiform 
zone as well as the Martinsburg shale of Trenton, Eden, and Maysville 
age. 

Bassler (1909, p. 174, 209-216) described briefly the Ordovician lime- 
stone succession of the county and classified the succession as shown in 
the following measured sections (Bassler, 1909, p. 174, 210). 


GeoLocic Section, Five Oaks, VIRGINIA 


Sevier shale Feet 
Olive, blue, brown shales with thin bands at base................0..ee0ees — 
foccasin limestone 


IA 
ir in 
CUurs 
Inches 
6 q 
7 q 
4 
8 
3 | 
3 
6 
4 
2 
7 
2 
3 
2 
2 
6 
7 
neta- 
other 
It to 
cor- 
sua Red and reddish-gray laminated clayey limestone, with red, olive, and green 
Chickamauga limestone 
(k) Thin-bedded, earthy dove seams....................ccseeeceeeeeeess * 10 
1 are (}) Heavy-bedded dove limestone full of fucoid markings............... 42 
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Feet 
GeroLocic Section, Five Oaks, Vircinra—Continued 
(i) gna yellowish clayey limestone with a few dove and crystalline 
(h) Bluish-gray limestone, poorly exposed....................0eeeeeeeeees 75 
(g) Dove limestone full of small specks and strings of calcite............ 75 
(f) Massive, finely granular bluish-gray limestone......................-. 35 
(e) Fine-grained dove limestone with yellow seams...................... 75 
(d) Massive dove limestone; lower part full of dark specks; upper part 
(b) Cherty fine-grained to subgranular dark-gray limestone.............. 130 
(a) Massive dove limestone with white crystalline specks................. 60 
Geoocic Section ALonG NortH Swe or THOMPSON VALLEY, VIRGINIA 
Moccasin limestone Feet 
Red and drab impure argillaceous limestone...................00000000% 400+ 
Chickamauga limestone 
Fine-grained shaly dove-colored 7 
Yellowish to red thin-bedded shaly limestone....................00.0000% 80 
Gray subcrystalline crinoidal 36 
Rather thin-bedded dove limestone, massive in lower part................. 75 
Gray finely granular limestone holding Maclurea magna................... 125 
Gray fine-grained massive limestone, somewhat cherty .................... 
Pinkish to purplish fine-grained and subgranular massive limestone, the 
lower layers yielding nodules of dark chert upon weathering............ 
Knox dolomite 


Bassler also noted local occurrences of conglomerate or breccia at the base 
of the Chickamauga limestone southeast and southwest of Tazewell 
(1909, p. 174, pl. 22). In his Thompson Valley section, evidently that 
exposed along State Highway 16 north of County Highway 604, he in- 
cludes the lower tongue of mudrock in the Chickamauga. His 125-foot 
zone containing Maclurites magnus probably corresponds to the Sower- 
byites zone, but this zone is considerably less than 190 feet above the top 
of the Beekmantown group. Also, according to detailed measurements by 
the writers, the minimum thickness of the beds between the red mud- 
rock and the basal clastics is 700 feet in Tazewell County. From his de- 
scription of the Five Oaks section, Bassler apparently recognized the 
fucoid-bearing limestones here called the Camarocladia beds. His lami- 
nar and dove limestones are the third and fourth calcilutytes and asso- 
ciated laminated zones. 

Ulrich (1911) has introduced an elaborate classification of the Middle 
Ordovician strata of the southeastern United States. He proposed a 
number of correlations based on faunal and lithologic similarities, facies 
changes, and areal continuity of certain beds. His scheme of classifica- 
tion for the southern Appalachian Valley is shown in Table 1. 
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TaBLE 1.—Classification of Chazy and Black River formations 
(Ulrich, 1911) 


Moccasin limestone 


Mohawkian series Black River group 
Lowville limestone 
Ottosee limestone (or shale) 
Tellico sandstone 
Blount group Athens shale (or limestone) 
Chazyan series Holston marble 


Lenoir limestone 
Stones River group 
Mosheim limestone 


Except for the Moccasin, no formation used by Ulrich (1911) has its type 
locality in Virginia. The Lowville and Moccasin are the only two in 
Ulrich’s classification with type localities outside Tennessee. His refer- 
ences to the occurrence of some of the formations in southwestern Virginia 
are general, and none applies specifically to Tazewell County. 

Subsequent to 1911, Ulrich made several modifications. Studies by 
Bassler and Ulrich (Bassler, 1932, p. 59) led them in 1915 to assign the 
Carters limestone of Central Tennessee to the basal Lowville, whereas 
previously Ulrich and others had regarded the Carters as the uppermost 
formation of the Stones River group. With the emendment of 1915, 
Ulrich’s Stones River group of the Central Basin of Tennessee con- 
sisted of four formations, in ascending stratigraphic order: Murfreesboro, 
Pierce, Ridley, and Lebanon limestones. 

Prior to 1927, Ulrich considered the Murfreesboro of the Central Basin 
younger than the Mosheim of the Appalachian Valley. From his 1911 
paper the only evidence for this conclusion was faunal. He could not 
establish this postulated relation by field study at either Mosheim or 
Murfreesboro, Tennessee. The Mosheim lies directly upon the Beek- 
mantown at Mosheim village, but in the type locality of the Murfreesboro 
underlying beds are not exposed. In 1927, Butts and Ulrich identified 
the Murfreesboro and Mosheim along Yellow Branch, Lee County, Vir- 
ginia; the occurrence of 27 fect of Mosheim-type of calcilutyte (vaughan- 
ite of Butts) above 208 feet of beds carrying Murfreesboro fossils (Butts, 
1940, p. 121-122) convinced them that the Mosheim was younger. 

Ulrich again modified his 1911 classification (1930, p. 2), when he for- 
mally introduced the name Whitesburg limestone for dark crystalline fos- 
siliferous limestones overlying his Holston and underlying the Athens. 
Other formation names, Heiskell and Strasburg, have been used by 
Ulrich, though without description or definition. 
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Butts (1932; 1933; 1940) used Ulrich’s classification (including modi- 
fications of 1930) in his regional studies in the Appalachian Valley of 
Virginia. From his writings and from association with him in the field 
the senior writer is familiar with his lithologic and faunal criteria in 
identifying the various formations of Ulrich’s Stones River and Blount 
groups and also of the Black River group. 

Butts’ interpretation of the Stones River group is shown in Table 2 
(Butts, 1940, p. 147). 


Taste 2.—Correlation of the Stones River group 


Appalachian Valley Central Central Champlain Valley, 
of Virginia Tennessee Pennsylvania New York 

Lebanon limestone Valcour limestone 

Lenoir limestone Ridley limestone Lemont member of | Crown Point 

Carlim limestone limestone 

Pierce limestone 

Mosheim limestone | Hiatus ? Hiatus ? Hiatus ? 

Murfreesboro Murfreesboro Carlim limestone Basal member of 

limestone limestone Chazy 


The Blount group according to Butts is present in Virginia; the most 
nearly complete succession is as follows (Butts, 1940, p. 148): 
Lowville-Moccasin 
Blount group 
Ottosee limestone 
Hiatus; Tellico sandstone absent 
Athens shale 
Whitesburg limestone 
Holston limestone 
Lenoir limestone 
In Burkes Garden, Thompson Valley, Witten Valley, Little River 
Valley, and in Clinch Valley southeast of Tazewell, Butts recognizes the 
Murfreesboro, Mosheim, Lenoir, Holston, Ottosee, and Lowville-Moccasin 
formations. His Blackford facies of the Murfreesboro (1940, p. 126-142) 
consists of the basal clastics, ash-gray shale, and blocky chert zones of 
the writers. With one exception, the first calcilutyte is Butts’ Mosheim 
west and south of Tazewell. At Pounding Mill, Butts (1932, p. 65) 
identified the second ealcilutyte as the Mosheim. In Thompson Valley 
he assigned the Sowerbyites beds to the Lenoir and the overlying coarse- 
grained limestone to the Holston. In Burkes Garden, his Ottosee in- 
cludes all the beds from the base of the Nidulites zone up to the base of 
the lower laminated limestone. In Thompson Valley, his Ottosee in- 
cludes all the beds above the first coarse-grained limestone and beneath 
the brown sandstone. He (1940, p. 179-191) considered the succeeding 
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beds up to the top of the red siltstone zone a mixture of two contempo- 
raneous facies, the Lowville limestone and Moccasin mudrock. 

Mathews (1934, p. 11) postulated the late Black River age of cuneiform- 
jointed strata overlying the red Moccasin and underlying the Martinsburg 
shale and proposed the name Eggleston limestone. Butts draws the 
Martinsburg-Eggleston contact at the base of the lowest coquina lime- 
stones carrying such Trenton fossils as Dalmanella rogata and Sowerbyella 
“sericea.” Some of the cuneiform-jointed beds are therefore classed with 
the Martinsburg. 

Butts (1940, p. 122-124) considers the succession of formations in 

Bluestone and Clear Fork valleys different from that in other parts of the 
county. In the section of Ordovician limestone exposed along County 
Highway 650 south of St. Clair Station, Butts assigns 1152 feet to the 
Murfreesboro. Representatives of the basal clastics, ash-gray shale, 
blocky chert, first calcilutyte, and succeeding zones up to the base of the 
second calcilutyte are present in Butts’ Murfreesboro and comprise the 
type section of the St. Clair facies of the Murfreesboro (1940, p. 126). 
-The nodular beds, exposed in the right-angle bend of County Road 650 
¥% mile south of St. Clair Station, Butts classified as Lenoir (1940, p. 
123). In Butts’ description of the St. Clair section he assigns 70 feet 
of fine-grained limestone to the Mosheim. In the section exposed south 
of Shannondale, he interprets the basal clasties, ash-gray shales, blocky 
chert, first caleilutyte, and overlying coarse-grained cherty limestones as 
Murfreesboro. The overlying beds, 5 feet of calcilutyte, is assigned to 
the Mosheim, and the coarse-grained and nodular limestones above the 
Mosheim have been identified by him as Lenoir. All of the succeeding 
zones up to the top of the red siltstone are classed with the Lowville- 
Moceasin. In Clear Fork Valley the nodular limestones carrying Maclu- 
rites magnus, Opikina, and Strophomena tennesseensis are Butts’ Lenoir, 
and all of the underlying beds down to the Beekmantown are assigned 
to the Mosheim and Murfreesboro. In exposures north of U. 8. Route 
19 between Five Oaks and Wittens Mills, Butts believes that the Murfrees- 
boro is limited to the strata beneath the first calcilutyte identified as the 
Mosheim. In the same area, he classified all the beds between the Sower- 
byites beds and the lower zone of laminated limestone with the Ottosee 
formation. 

In regard to the age of the beds which he has mapped as Holston and 
Ottosee in this part of Virginia, Butts (personal communication, Novem- 
ber 19, 1940) states: 


“ .. Ulrich has exhaustively studied the fossils of these beds in the last year 
or so and concludes that they are not Ottosee but younger than that formation. He 
has also suggested the name Speers Ferry group or formation in which he recognizes 
two members or formations, a lower of about 200 feet of coarse-grained limestone 
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which has heretofore been called Holston by me, as in the Valley map (Butts, 1933), 
by ourselves (Butts and the senior author) in the Abingdon quadrangle in 1934, 
and by Bassler (1909) presumably with Ulrich’s concurrence; and an upper member 
or formation, characterized by nodular beds, which we call Ottosee. For the lower 
member, our Holston, he proposes the name Thompson's Valley, and for the upper, 
the name Heiskell, from a town in Tennessee . 


Presumably Ulrich’s Speers Ferry group would be late Chazy. 
ANALYSIS OF CURRENT NOMENCLATURE 


The Murfreesboro, as originally defined (Safford and Killebrew, 1900, 
p. 105, 125), is the oldest formation exposed in the Central Basin of 
Tennessee and constitutes the oldest of four formations of the Stones River 
group. In the type area, it is about 70 feet thick (Bassler, 1932, p. 50), 
but the base of the formation is not exposed. The fauna of the Murfrees- 
boro, described and illustrated by Ulrich (1897) and Bassler (1932, p. 
50-52, pl. 4) is fairly distinctive and is characterized by Polylopia 
[Salterella] billingsi (Safford). The Murfreesboro fauna differs some- 
what from that of the overlying Pierce limestone. 


Apparently Ulrich based his recognition of the Stones River group in, 


the Appalachian Valley of Tennessee on the supposed faunal similarity of 
the Ridley limestone of the Central Basin to the Lenoir limestone of the 
Appalachian Valley. Ulrich assigns the Lenoir and underlying Mosheim 
to the Stones River group. Until 1927, Ulrich considered the Murfrees- 
boro and Pierce formations younger than the Mosheim and older than 
the Lenoir. Butts (1926, p. 80) concurred with this view until 1927. 
The sole basis of their claim that the Mosheim is younger than the Mur- 
freesboro was obtained from the section along Yellow Branch, Lee County, 
Virginia, where the Mosheim supposedly overlies the Murfreesboro. The 
junior writer studied the Yellow Branch section in 1940 and found two 
zones of Mosheim-looking calcilutyte, one below the Polylopia billings: 
fauna and directly above the blocky chert zone. The other is that identi- 
fied by Butts and Ulrich as the Mosheim. These relationships are dupli- 
cated in Tazewell County. From the striking similarity in stratigraphic 
succession of zones at Yellow Branch in Lee County and in Tazewell 
County, one may infer that the lowest calcilutyte zone at Yellow Branch 
corresponds to the first calcilutyte zone in Tazewell County and that the 
second calcilutyte of Tazewell County is the same as that identified by 
Ulrich and Butts at Yellow Branch as Mosheim. 

The principles of stratigraphic succession cannot be applied to show 
which of the two ealcilutytes of the Yellow Branch section is the Mosheim, 
because the Mosheim at Mosheim, Tennessee, lies directly upon Beek- 
mantown dolomite. Faunal comparisons of the Mosheim of the type 
locality with the supposed Mosheim at Yellow Branch yield little evi- 
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dence favoring this correlation. The lower calcilutyte of the Yellow 
Branch section contains almost the same fauna as the upper calcilutyte 
(the Mosheim of Ulrich and Butts). Furthermore, there is no observable 
continuity of the type Mosheim with either of the calcilutytes of the 
Yellow Branch section. 

Presumably the recognition of the upper calcilutyte as the Mosheim 
in the Yellow Branch section was almost wholly based on the lithologic 
similarity of the upper calcilutyte at Yellow Branch to the type Mosheim 
of Tennessee. Both Ulrich and Butts seem to have assumed that there 
was but one zone of Mosheim lithology. So far as known, the presence 
of two distinct zones of lithologically identical “Mosheim-type” limestone 
has not been heretofore fully appreciated. That two zones exist, both 
at Yellow Branch (Butts, 1940, p. 120-122) and in Tazewell County, re- 
veals a possible error by Ulrich and Butts in their identification of the 
Mosheim at Yellow Branch and also in their subsequent contention that 
the Murfreesboro is older. 

In the light of his conclusions regarding the position of the Mosheim 
at Yellow Branch, the validity of Butts’ identification of the first 
calcilutyte as the Mosheim and the overlying Sowerbyites beds as the 
Lenoir, in parts of Tazewell County, seems inconsistent. If based upon 
stratigraphic succession, his identification of the Lenoir may be incorrect, 
because it is not certainly known that the first calcilutyte of Tazewell 
County is the Mosheim. If based on faunal similarity, the correlation 
would have to be made reservedly, because the supposed guide fossil of 
the type Lenoir, Maclurites magnus, is almost equally abundant in both 
the Opikina and Sowerbyites zones. Further inconsistencies by Butts 
and Ulrich are revealed by their correlation of the Lenoir with the Ridley 
of the Central Basin of Tennessee. If the Sowerbyites beds represent 
the Lenoir, the latter cannot be equivalent to the Ridley because the Mur- 
freesboro fauna, which occurs in limestone beneath the Ridley in the 
Central Basin, occurs in the Lophospira zone in Tazewell County, which 
is 150 to 200 feet stratigraphically above the Sowerbyites zone. 

Regarding the index value of Maclurites magnus, Butts (1926, p. 105) 
states: 


“'.. the presence of the shells (Maclurites magnus) or their opercula in any 
numbers is sufficient to identify the containing limestone as Lenoir. They also serve 
to correlate the Lenoir unmistakably with the middle part of the Chazy limestone 
of the type locality in northeastern New York. Maclurea magna occurs rarely in 
the Ridley limestone of the Stones River group in Middle Tennessee, and by this 
means the Lenoir is correlated with the Ridley.” 


In Tazewell County, forms indistinguishable from Maclurites magnus 
have been found in the Sowerbyites beds, the Nidulites zone, the second 
coarse-grained limestone zone, and in the overlying Opikina beds. Until 
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the systematic paleontology of these zones has been studied in detail, 
none of the several Maclurites-bearing zones should be unreservedly 
correlated with the type Lenoir, and the name Lenoir should not be 
applied to any zone until equivalency is fully established. It should 
be emphasized that no comprehensive list of fossils from the type Lenoir 
has been published, although the name has been used for over 65 years, 
Practically all available specific information concerning the fauna of the 
type Lenoir is contained in two papers. Bassler (1915, p. 1449-1450, 
1140-1141) lists two species, Scenella pretensa Raymond and Scenella 
robusta Raymond, from the Lenoir ({Maclurea limestone) beds exposed 
at Lenoir City, Tennessee. Safford (1869, p. 235) lists Maclurea (sie) 
magna Lesueur (now known as Maclurites magnus Lesueur) , Orthoceras 
pertinaz Billings, and Rhynchonella plena Hall [now known as Rhyncho- 
trema ? plena (Hall) or Camarotoechia ? plena (Hall)] from the 
+Maclurea limestone which he and Killebrew (1876, p. 130-131) later 
named the Lenoir limestone. 

Butts (1940, p. 142-146) recently published lists of fossils from beds in 
Virginia identified by him as Lenoir. He mentioned the occurrence of 
Sowerbyites in the Lenoir but gave no specific localities where this fossil 
occurs. In Tazewell County, it occurs in two zones, that directly above 
the first calcilutyte, and in the Lophospira zone which carries the Mur- 
freesboro fauna. From collections of so-called Lenoir fossils obtained 
along Yellow Branch, Lee County, Virginia, Butts cites Camarella varians 
Billings. The beds from which this fossil was obtained overlie Butts’ 
Mosheim, which is apparently the same horizon as the second calcilutyte 
of Tazewell County. Camarella cf. C. varians occurs in Tazewell County 
in the Opikina beds and in the second coarse-grained limestone. Butts’ 
Lenoir of the Yellow Branch section is linked by this fossil with the 
Opikina beds and underlying coarse limestones and with the Ridley lime- 
stone of the Central Basin of Tennessee. 

The species of Dinorthis identified by Butts from his Lenoir at the 
Marcem quarry, Gate City, Scott County, Virginia, are of the “D. 
atavoides-D. transversa types” (Butts, personal communication, Novem- 
ber 19, 1940). Dinorthis atavoides is particularly common in the Sower- 
byites zone of Tazewell County. So far as the Middle Ordovician faunas 
of Tazewell County are concerned, Sowerbyites and Dinorthis atavoides 
do not occur in association with Camarella varians, abundant Opikina 
“minnesotensis,” Dinorthis transversa, and Paurorthis sp. An average 
thickness of 250 feet of beds is present between the Sowerbyites zone and 
the Opikina beds. From evidence cited, Butts’ Lenoir of some localities 
is probably younger than his Lenoir of others. 
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Keith (1901, p. 3) originally proposed the name Holston for lentils and 
beds of economically valuable, variegated marble in the lower part of the 
Chickamauga limestone near Knoxville, Tennessee. He stated that these 
beds are distinctive and locally mappable. Ulrich (1911, p. 554-557) 
used the name Holston for the lowest formation of the Blount group. 
He defined it as above the Lenoir and below the Athens. In 1930 he 
stated that it is older than the Whitesburg. He has never defined the pre- 
cise limits and lithologic characteristics of his Holston. The fauna of the 
Holston of the type area is still largely undescribed. Since Ulrich did not 
state otherwise, one must assume that his Holston is the Holston of Keith. 
Several zones of Holston-type limestone are known in the Chickamauga 
limestone of the Knoxville area. Whether Ulrich applies the Holston to all 
or to only one of these several zones is not known. 

Raymond (1925) and Willard (1928) described some of the trilobites 
and brachiopods from the so-called Holston beds near Knoxville, Tennes- 
see; near Sharon Springs, Bland County, Virginia; and near Blacksburg, 
Montgomery County, Virginia. Some of the fossils cited as “Holston” 
occur in Tazewell County in beds ranging from the Sowerbyites zone to 
the Chasmatopora zone. Possibly Willard’s and Raymond’s Holston beds 
are of different ages in different localities. 

Regarding his use of the name Holston in southwestern Virginia, Butts 
(personal communication, November 19, 1940) states: 

“In the Morristown and Maynardville quadrangles (both in northeastern Ten- 
nessee), Keith mapped as Holston the marble beds extending from Luttrell northeast 
of Knoxville to the northwest corner of the Morristown quadrangle, whence, for a 
distance of only 4 miles across the southeast corner of the Jonesville quadrangle 
(Virginia-Tennessee), it continues into the Estillville quadrangle (Virginia-Tennessee) 
as a part of the Chickamauga limestone to Gate City, thence northward this lime- 
stone extends along the northwest base of Clinch Mountain to Ward Cove and 


Burkes Garden. It is the massive limestone below the Nidulites bed. Ulrich, how- 
ever, regards only the lower 30 feet or so of this limestone as the Holston.” 


The beds which Butts identified as Holston in Tazewell County are two 
different zones. His Holston of the Ward Cove area (Butts, 1940, p. 151) 
is the first coarse-grained limestone. The beds which he calls Holston 
near North Tazewell overlie the third calcilutyte. He recognizes no 
Holston east of Tazewell, but the first. coarse-grained limestone occurs 
there. In Burkes Garden, Thompson Valley, and locally near Wittens 
Mills, the beds which Butts calls Holston are stratigraphically about 150 
feet below limestones carrying the Murfreesboro fauna. According to 
the stratigraphic succession worked out by Ulrich and Butts, it would 
be contradictory to assign the name Holston to the first coarse-grained 
limestone because the Holston is supposed to be younger than the 
Murfreesboro. 
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Butts (1933, map; 1940, p. 164) considers the Athens absent in Taze- 
well County, but the writers disagree. In the southwest end of Thompson 
Valley, opposite the Al Gillespie farm, the Nidulites beds contain fossils 
which include, besides Nidulites pyriformis, species of Oxoplecia, Sower- 
byella, Schizambon, Lingula, Calliops, Niobe, Remopleurides, and 
Homotelus. The same fossils occur in argillaceous limestone in Bland 
County, Virginia, which Butts mapped as Athens. Near Sharon Springs, 
Bland County, the above-named fossils occur with representatives of the 
Nemagraptus gracilis fauna which everywhere characterizes the Athens. 
The Athens of Bland County is underlain in descending order by the 
Whitesburg, a zone of light-gray coarse-grained limestone, and a zone of 
medium-grained cherty limestone. The last two zones resemble closely 
the first coarse-grained limestone and the Sowerbyites beds, respectively. 
Also the Athens is overlain by the Lophospira, Opikina, and Chasma- 
topora zones. Approximately the same succession overlies the Nidulites 
beds in Thompson Valley. These facts seem to demonstrate the possible 
equivalency of the Nidulites beds to at least a part of the Athens. The 
Whitesburg does not seem to be present in Tazewell County. 

The Ottosee was defined by Ulrich (1911, p. 453, 555, 557) as younger 
than the Tellico sandstone and older than the Lowville limestone. The 
original description and definition of the Ottosee mention 400 to 1200 
feet of Ottosee shale in the Knoxville and Athens troughs and 550 feet 
of shales in limestones, including an 80 bed of pink marble, in the belts 
between Clinch Mountain and Copper Ridge in Tennessee. Ulrich made 
no specific mention of the type section of the Ottosee or of the contained 
fossils either in 1911 or in subsequent papers. 

Bassler (1915, p. 1450) lists the following species from the Ottosee near 
Knoxville, Tennessee and near Speers Ferry, Virginia: 


Archaeocrinus knozensis Miller and D. vesperalis (White) 

Gurley Echinosphaerites aurantium (Gyllenhal) 
A. parvus Miller and Gurley Mitrocrinus wetherbyt Miller and Gurley 
A. peculiaris Miller and Gurley Orthis ? holstoni Safford 
Batostoma seviert Bassler O. ? saffordi Hall and Clarke 
Chetrocrinus angulatus (Wood) Pachydictya robusta Ulrich 
Corynotrypa barber Bassler Platysyctites faberi Miller 
Diabolocrinus asperatus (Miller and Receptaculites biconstrictus Ulrich 

Gurley) Scenellopora radiata Ulrich 


D. perplexus Wachsmuth and Springer 


The stratigraphic and correlative value of this list of so-called Ottosee 
fossils is slight, when one recalls that Speers Ferry Post Office and rail- 
road station are now the type locality of Ulrich’s newly proposed Speers 
Ferry group which is younger than the Ottosee. Bassler has not indi- 
cated which of the fossils come from rocks at or near Speers Ferry 
Station or near Knoxville. 
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Three of the above species—Receptaculites biconstrictus, Batostoma 
seviert, and Echinosphaerites aurantium—have been figured by Bassler 
(1909, pl. 21). In Tazewell County Receptaculites biconstrictus, Batos- 
toma sevieri, and several others of the above fauna occur in the upper 
part of the Stromatocerium zone, in the overlying nodular limestones, 
and in the lower part of the zone of platy buff shale. Following Ulrich’s 
original definition of the Ottosee as younger than the Tellico and older 
than the Lowville limestone, the Stromatocerium zone and the succeeding 
beds up to the top of the buff shale should not be called Ottosee, because 
these zones overlie a thickness of calcilutyte containing Tetradium cellu- 
losum, which is a valid index to the Lowville according to Ulrich (1911, 
p. 557). The occurrence of Ottosee fossils above Tetradium cellulosum 
is clearly shown in the Tazewell County, Virginia, section north of the 
intersection of State Highway 16 and County Road 604. Also at the 
Tazewell County Farm section, Receptaculites biconstrictus and Stroma- 
tocerium rugosum occur immediately above calcilutytes containing 
abundant Tetradium racemosum. 

In summary, the paleontological evidence used by Ulrich and Butts in 
distinguishing the Ottosee and Lowville is inconsistent and contradictory 
when applied in Tazewell County. 

Raymond (1925) and Willard (1928) described some of the trilobites 
and brachiopods from beds supposedly Ottosee. The basis for their 
identification is not apparent. None of their collections came from the 
type locality of the Ottosee in Chilhowie Park, Knoxville, Tennessee. 
Ulrich (1930, p. 54) disagrees with the stratigraphic determinations of 
Raymond and Willard by saying: 

“T have studied and collected from all the Virginia and Tennessee localities men- 
tioned in these papers and therefore am prepared to say that many of the asserted 
occurrences of strictly the same species in two or more of the Chazyan formations 
are based upon mistaken identifications of beds. Indeed, these stratigraphic inac- 
curacies are so numerous that they very seriously impair the validity of Raymond’s 
conclusions regarding the relationships of the Chazyan fossils of Tennessee and 
Virginia.” 

Many so-called Ottosee fossils described by Raymond and Willard 
occur in Tazewell County. Some, like Strophomena tennesseensis, occur 
directly above the second calcilutyte, but others, such as Mimella 
[Pionodema] globosa, occur much higher stratigraphically. Raymond. 
and Willard do not make clear whether their described Ottosee fossils 
came from the same beds, but, from the different stratigraphic occurrence 
of these two as well as other species in Tazewell County, their collections 
were probably composites from several stratigraphic zones. 

Butts (1938, p. 17) describes the Ottosee as “prevailingly thin-bedded 
to nodular, very fossiliferous limestone” which contains locally beds of 
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pink marble of the Holston type. He cites (1928, p. 369) the exposures 
of nodular limestone along U. S. Route 19 about 2 miles southwest of 
Wardell as some of the best Ottosee exposures in Virginia. He also 
mentions (1940, p. 176-177) Batostoma sevieri, Scenellopora radiata, and 
Receptaculites among the commoner fossils. The writers have traced 
Butts’ nodular Ottosee from the Russell-Tazewell county line to Taze- 
well. Between Claypool Hill and Tazewell, Butts’ nodular Ottosee beds 
overlie the third calcilutyte zone containing abundant Tetradium cellu- 
losum and T. racemosum, which are, according to Butts (1940, p. 189- 
190), Lowville guide fossils. 

The lower boundary of Butts’ Ottosee seems incorrectly drawn. The 
Nidulites beds which Butts calls lower Ottosee (Butts, 1940, p. 171) 
underlie strata carrying a Murfreesboro fauna. According to Butts and 
Ulrich, the Murfreesboro is older than the Ottosee and is in fact the 
oldest Chazyan formation in southeastern United States. Assuming the 
validity of Ulrich and Butts’ contentions that (1) Tetradium cellulosum 
is an infallible index of the Lowville, (2) Maclurites magnus in any 
abundance signifies Lenoir, and (3) that Polylopia billingsi is an index 
of the Murfreesboro, the only parts of Butts’ Ottosee which could be 
Ottosee are the Chasmatopora zone and the overlying cross-bedded lime- 
stone. Butts (personal communication, November 19, 1940) indicates 
that both the Chasmatopora and cross-bedded limestone zones, as well 
as many other parts of his Tazewell County Ottosee, Ulrich now believes 
to be younger than the true Ottosee and therefore a part of the pro- 
posed Speers Ferry group. 

In summary, the use of the name Ottosee for any beds in Tazewell 
County would imply a precise age correlation which is by no means 
proved and which is opposed by obvious inconsistencies and mistaken 
interpretations. 

In 1911 Ulrich proposed to extend the use of the New York name 
Lowville into the Appalachian region, Ohio Valley, and Mississippi 
Valley. He stated (1911, p. 389): 


“Today we realize that only a few of the names given to lithologic units in New 
York are strictly applicable to stratigraphic units recognized in the Ohio and Mis- 
sissippi valleys. The Lowville and Onondaga limestones are the best and perhaps 
only unquestionable examples. . .” 


In the same paper (1911, p. 555) he stated: 


“By tracing the formation southward in the Appalachian Valley, we learn that the 
Lowville expands by additions to its base to over 400 feet of limestone in Hancock 
County, Tennessee. In other words, that this formation, like the Stones River be- 
fore it, overlapped northward so that nearly 300 feet more of limestone than reached 
north central New York was deposited in the southern locality, and all of it following 
the close of the upper or Pamelia limestone division of the Stones River group.” 


| 
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In regard to the index fossils of the Lowville, Ulrich (1911, p. 557) cites 
Tetradium cellulosum and Beatricea gracilis (Cryptophragmus anti- 
quatus) as valid guides to the identification of the Lowville. 

Relative to the index value of these fossils ,Butts (1928, p. 365) says: 


“Cryptophragmus is a unique fossil; nothing like it is known from any other hori- 
zon in the Appalachians. It occurs together with Tetradium in an identical faunal 
and stratigraphic sequence from Canada to Alabama, and the two mark a continuous 
zone in the Lowville limestone along the northwest margin of the Appalachian Val- 
ley and in the lower part of the Moccasin limestone in the middle belts of the val- 


ley.” 

Ulrich’s lithological and faunal criteria which Butts used in identifying 
the Lowville in the Appalachian Valley are not necessarily infallible. 
Recent detailed work in Ontario indicates that Cryptophragmus anti- 
quatus occurs in beds as young as the Chaumont (Okulitch, 1939, p. 
331-338) and that dove-gray “birdseye” type limestone supposed to be 
characteristic of the Lowville is a facies of limestone which in some 
places is of Pamelia age (Okulitch, 1939, p. 329). Kay (1937, p. 256- 
257) believes that the Coboconk limestone which is reported (Okulitch, 
1939, p. 335-337) to contain Cryptophragmus in the type section at 
Coboconk, Ontario, is early Trenton (Rockland). According to Kay 
(personal communication, January 18, 1941) Cryptophragmus anti- 
quatus is characteristic of the Pamelia although abundant in the very 
base of the Lowville, and Tetradium cellulosum has long range. There- 
fore, identification of the Lowville in the Appalachian Valley, based on 
the assumption that these two fossils and the dove-gray “birdseye” lime- 
stone lithology mark a single and continuous stratigraphic zone, may be 
erroneous. The name Lowville should not be used in the Appalachian 
Valley until regional studies demonstrate the true relationships of the 
supposedly Lowville beds to the Pamelia-Lowville-Chaumont succession 
of New York and Ontario. 

The name Lowville-Moccasin as used by Butts is not acceptable. 
Campbell (1894, p. 2) originally defined the Moccasin as a red, argillace- 
ous limestone, “passing into the blue, flaggy Chickamauga limestone be- 
low... .” Campbell also states that its maximum thickness near the 
type locality, on Moccasin Creek, Scott County, Virginia, is 500 feet. 
The senior writer studied the type section of the Moccasin along Mocca- 
sin Creek north of Moccasin Gap, Scott County, Virginia, and found that 
the red mudrock which overlies the Camarocladia beds is 465 feet thick. 
The Camarocladia beds are undoubtedly those Campbell described as 
“blue, flaggy Chickamauga limestone.” Flaggy, blue Camarocladia- 
bearing limestones are conspicuous on the outcrops immediately beneath 
the 465 feet of red, argillaceous limestone. The thickness from the base 
of the brown sandstone zone up to the top of the Camarocladia beds is 
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about 165 feet. Had Campbell included these strata in the Moccasin the 
total thickness in the type locality would have been approximately 630 
feet. From Campbell’s original description and definition of the Mocca- 
sin he undoubtedly meant to exclude from the Moccasin the Camaro- 
cladia beds as well as all underlying beds. From Campbell’s geologic 
maps of Tazewell County (Campbell, 1896; 1897) he excluded from the 
Moccasin the Camarocladia beds, Cryptophragmus beds, fourth cal- 
cilutyte, upper laminated limestone, red mudrock tongue, and the brown 
sandstone tongue. 

Butts (1941, p. 179-191) regards his Lowville as equivalent to the 
Moccasin red mudrock. The Camarocladia beds, Cryptophragmus beds, 
fourth calcilutyte, and upper laminated limestone, which contain Crypto- 
phragmus antiquatus and Tetradium cellulosum, underlie the base of 
Campbell’s Moccasin formation in the type locality in Scott County, and 
the so-called Lowville beds are therefore older than any beds included 
by Campbell in the Moccasin. The name Lowville-Moccasin implies 
that the Moccasin red beds are of Lowville age. As previously shown, 
Butts’ Lowville in southwestern Virginia is not certainly the same as 
the type Lowville of New York. Continued usage of Lowville-Moccasin 
should be avoided. 

The Eggleston formation of Mathews seems to be a valid and usable 
term, provided that the name is applied only to that part of the cuneiform 
zone which underlies the lowest coquina limestones containing Sower- 
byella curdsvillensis, Dalmanella rogata, and other fossils indicative of 
the lower Martinsburg. The name has been thus used by both Mathews 
(1934, p. 11) and Butts (1940, p. 191). 

The conventional classification of the Ordovician limestones not only 
in Tazewell County but elsewhere in the Appalachian Valley needs to be 
re-examined and evaluated in the light of the facts presented in this 
paper. The most important facts, therefore, are summarized as follows: 

(1) The names Mosheim, Lenoir, Holston, and Ottosee have been used 
in Virginia in spite of the fact that none of them was ever well defined 
or described in its type locality. 

(2) None of the four names has been consistently applied to any one 
succession of beds in Tazewell County. 

(3) The name Murfreesboro has been applied in Tazewell County to 
beds which do not contain the fauna of the type Murfreesboro. Use of 
that name has been extended into Virginia despite the fact that the base 
of the type Murfreesboro has not been seen. 

(4) The superposition of the Mosheim with respect to the Murfreesboro, 
as postulated by Ulrich and Butts, is based upon their study of the sec- 
tion along Yellow Branch, Lee County, Virginia. At this locality, two 
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zones of Mosheim-type limestone are present. One calcilutyte overlies 
beds containing Polylopia billingsi, a supposedly Murfreesboro guide 
fossil. The other zone of calcilutyte underlies the beds containing this 
fossil. Butts has not indicated the reasons for identifying the calcilutyte 
above the horizon of Polylopia billingsi as the Mosheim, rather than 
the calcilutyte beneath the horizon of Polylopia. 

(5) In Tazewell County, particularly in exposures 14 mile west of 
Wittens Mills, two calcilutytes are present in a succession remarkably 
like that exposed along Yellow Branch, Lee County, Virginia. The 
higher calcilutyte west of Wittens Mills overlies the Lophospira zone 
which contains the Murfreesboro fauna. Nevertheless, Butts identifies 
the lower calcilutyte, which underlies the Murfreesboro fauna, as the 
Mosheim. By careful tracing of the two calcilutytes exposed west of 
Wittens Mills, the senior writer has found that the calcilutyte overlying 
the Murfreesboro fauna is the same zone identified by Butts as the 
Mosheim in exposures south of St. Clair Station, near Bluefield, Virginia. 

(6) The nodular limestones, exposed along U. S. Route 19 and Little 
Indian Creek (Butts, 1940, pl. 33-A) and described by Butts as “charac- 
teristic of the Ottosee,” have been traced northeastward in the direction 
of Tazewell where they overlie limestones containing Tetradium cellulosum 
and Tetradium racemosum. According to Butts, both these fossils are 
valid guides to the Lowville. 

(7) Inconsistent identifications of the Mosheim and Lowville have 
led naturally to inconsistent identifications of the Murfreesboro, Lenoir, 
Holston, and Ottosee in Tazewell County. 


PROPOSED CLASSIFICATION 
GENERAL STATEMENT 


The senior writer has attempted repeatedly to use formation names 
proposed by Ulrich and earlier workers and so to clarify these names by 
redefinition that their precise meaning would be clear and the strati- 
graphic position of beds assigned to each formation would be consistent 
with observable field relations. These attempts have been unsuccessful 
because of insufficient definition as to the precise limits, fauna, and 
lithology of these formations. For example, it is impossible to learn from 
Ulrich’s writings the sequence of beds included in his type Ottosee. 
Within Tazewell County, Butts has applied the same formation name 
to different sequences in different localities. | 

Further usage of the names Murfreesboro, Mosheim, Lenoir, Holston, 
Ottosee, Lowville, and Lowville-Moccasin in the Appalachian Valley and 
Ridge province should be carefully qualified, for example, Butts’ Ottosee 
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of Ward Cove or Raymond’s Holston near Sharon Springs. Such qualified 
usages will give additional meaning to previously published work. 

Use of the same name for beds in various localities implies precise 
correlation. Considerable detailed stratigraphic work has been done in 
the Appalachian region since 1911, and indeed since 1940, but even now 
correlations of beds are not certain. 

For use in geologic mapping, new formations must be defined and 
named. In introducing new stratigraphic names the writers are fully 
aware of the limitations of the local area which they have studied in great 
detail. Some formation names proposed here may be found to span 
too many beds or possibly to overlap an intergroup boundary of the 
standard time scale. 

CLIFFIELD FORMATION 


NAME AND Dertnition: The name Cliffield formation is proposed for 
zones 1 through 9, including the succession from the base of the basal 
clastics to the top of the second zone of calcilutyte. The name is taken 
from Cliffield, a store and station along the Norfolk and Western Rail- 
way, about 8 miles southwest of North Tazewell. Although the Cliffield 
is exposed near Cliffield Store, the type section is taken from exposures 
along Pounding Mill Branch and U. S. Route 19 south of the Norfolk and 
Western underpass. The top is exposed at the intersection of U. 8. Route 
19 and County Road 637, and the base is exposed along the east side 
of U. 8. Route 19 about 50 yards south of the highway underpass. The 
Cliffield is defined strictly as a mapping unit. Facies variations whereby 
lithologically distinctive zones grade locally into a great thickness of 
indistinguishable calcilutytes prevent the succession herein assigned to 
the Cliffield from being subdivided into a number of mappable forma- 
tions. Where the various zones are distinct, as in most parts of Taze- 
well County, five members, named and defined in ascending stratigraphic 
order, can be recognized. 

Buackrorp Memser: Butts (1940, p. 126-127) proposed the name 
“Blackford facies of the Murfreesboro formation” for the red beds, chert 
conglomerates, gray shales, and chert beds directly overlying the Beek- 
man town at Blackford, 2 miles southeast of Honaker, Russell County, 
Virginia. As shown by his description (1940, p. 127), he included in 
the unit the basal clastics, ash-gray shale, and blocky chert beds as 
recognized by the writers in Tazewell County. This assignment to the 
Murfreesboro is incorrect, and reference to the Murfreesboro age of the 
Blackford facies should be discontinued. We propose to use the name 
Blackford for the same succession but to drop the facies designation in 
favor of member. The Blackford member is well exposed along U. S. 
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Route 19 at several places between Pounding Mill Branch and Pisgah 
Chapel. 

Five Oaks Limestone Memper: The first calcilutyte constitutes this 
member. It merits separate recognition because of its distinctive charac- 
ter and because of its economic importance as a source of chemical lime. 
At the type locality, in the lime quarry at Five Oaks village, it is ap- 
proximately 50 feet thick; the average thickness is about 25 feet. 

LINCOLNSHIRE LIMESTONE Member: Sowerbyites-bearing beds directly 
overlying the first calcilutyte constitute a distinctive and easily recog- 
nized member in most parts of Tazewell County. The name is taken from 
a branch tributary to Clinch River, which parallels County Road 645 
about 1 mile west of Five Oaks. The type section is exposed in an 
abandoned quarry along this county road about 1 mile north of the 
intersection of U. 8. Route 19 and State Highway 61. As exposed in 
the quarry and in the fields to the south, it is 102 feet thick (see section 
under zone 5, already discussed), but the average thickness in other parts 
of the county is somewhat less. At the north end of the quarry the Five 
Oaks limestone member is fully exposed directly beneath the Lincoln- 
shire. The upper part is exposed south of the quarry and stratigraphically 
below the lowest limestones containing Nidulites and Receptaculites. 
Fossils typical of the Lincolnshire have been collected here, and two of its 
distinctive lithologic features, black chert nodules and “worm-eaten” 
beds, are exhibited (PI. 2). 

Warp Cove LiMestoNE Memper: The first coarse-grained limestone 
and overlying Nidulites beds comprise a convenient subdivision of the 
Cliffield for which the name Ward Cove limestone is proposed. Both 
zones are well displayed along State Highway 91 south of the junction 
with County Road 604 and opposite the Al Gillespie farm. The member 
is 225 feet thick (see sections under zones 6 and 7, already discussed) 
and is underlain by cherty limestones of the Lincolnshire member and 
overlain by cherty, Lophospira-bearing limestones. It is especially dis- 
tinctive in Thompson Valley and also in median and northwestern belts 
of the western half of the county. 

Peery LIMESTONE Memper: At the south end of the Peery Lime Com- 
pany’s quarry near State Highway 61, a thin but otherwise characteristic 
development of the Lophospira zone and of the second calcilutyte is fully 
exposed. This is the type locality of the Peery limestone member. The 
quarry is located about 34 mile east of the railroad station at North 
Tazewell. As both zones contain similar fossils and the contact between 
the two is transitional, they are not separated. At the Peery quarry the 
Lophospira beds are about 10 feet thick, and the second calcilutyte is 
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approximately 14 feet thick. In most parts of Tazewell County, the Peery 
member is about 50 feet thick, but locally, as at Maxwell, Cliffield, and 
Gratton, the second calcilutyte alone exceeds 100 feet. Locally, as in 
Burkes Garden, the Peery member is represented only by the Lophospira 
zone. 


Type SEcTION OF THE CLIFFIELD ForMATION, Near VircINIA 


Top of section is top of the second calcilutyte, about 100 yards northwest of the intersection of 
U. S. Route 19 and County Road 637; the base is about 50 yards south of the Norfolk and Western 
Railway underpass along U. S. Route 19. 
Feet Inches 
Opikina beds 
Cliffield formation 
Peery limestone member 
Second calcilutyte 
27. Calcilutyte, dove gray, containing Tetradium syringoporoides 
and species of Lophospira in abundance................. 32 
26. Limestone, faintly cross-laminated, fine-grained, slightly 
Garker tan overlying Beds. 5 
Lophospira beds 
25. Limestone, fine- to medium-grained, cross-laminated, cherty, 
24. Limestone, black, fine-grained, dense, weathers dark brownish 
gray, with Lophospira procera and Helicotoma dcclivis... 12 
23. Limestone, medium- to coarse-grained, cherty, with 
oe Ward Cove limestone member 
Nidulites beds 
= 22. Limestone, fine-grained, dark bluish gray to black, very 
cherty; contains abundant Sowerbyella and trilobite frag- 
21. Limestone, fine-grained. black, weathers smoky gray; con- 
tains abundant Nidulites and Sowerbyella................ 15 
20. Limestone, medium-grained, dark brownish gray, cherty; 
abundant bryozoans including Anolotichia and Chasmato- 
19. Limestone, fine-grained, dark brownish gray................ 34 
First coarse-grained limestone 
18. Limestone, coarse-grained, light gray, clastic texture, with 
Gonioceras; contains a few intercalations of dark-gray 
Lincolnshire limestone member 
Sowerbyites beds 
17. Limestone, dark bluish gray, cherty, medium-grained, with 
Homotelus, Dinorthis atavoides, and Sowerbyttes........ 55 
Five Oaks limestone member 
First calcilutyte | 
16. Calcilutyte, light gray to dove gray, thin-bedded near the 
5 base but thick-bedded at top. Chert lenses and nodules 
Blackford member 
Blocky chert ( 
15. Chert, thin-bedded, blocky, light gray to white, interbedded 
with light-gray argillaceous limestone; Dinorthis sp. in 
Ash-gray shale 
14. Shale, ash gray, platy, mealy, with intercalations of argilla- 
ceous limestone 


tern 


ches 
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Feet Inches 


Basal clastics 
13. Shale, pale brick red, silty, dolomitic, with few angular frag- 
12. Mudrock, purplish drab, dolomitic, silty, with pale greenish 
splotches; beds about 1 foot thick; some intercalations of 


11. Limestone, pearl gray, dolomitic, mealy.................05 3 
3 
8. Mudrock, dark maroon drab, 1 
7. Dolomite, clastic texture, brick red, silty................00. 6 
6. Mudrock, dark purplish drab, even-bedded, silty........... 2 
4 
3. Dolomite, medium-bedded, reddish drab; with abundant 
pinkish and white chert fragments and pebbles of gray 
2. Conglomerate, thick-bedded, matrix of brick-red silty dolo- 
mite; pebbles of white chert and gray dolomite.......... 5 
1. Chert breccia, matrix of gray to purplish dolomite, fragments 
of pink chert and greenish-gray dolomite................. 7 


Beekmantown dolomite 


STRATIGRAPHIC Retations: The Cliffield lies disconformably upon the 
Beekmantown dolomite of Lower Ordovician age. The top of the Beek- 
mantown is an erosion surface with a maximum relief of about 200 feet. 

The upper contact of the Cliffield is also a disconformity. In Burkes 
Garden and locally in Thompson and Bluestone valleys the second cal- 
cilutyte is absent. This zone may have been originally a continuous de- 
posit partly eroded soon after its deposition or may have been deposited 
only on parts of the sea floor. Cross-lamination indicates locally effective 
wave and current action during the deposition of the second calcilutyte. 
Possibly the agitation prevented local accumulation. It is not known 
whether the Cliffield contains any appreciable time breaks. 

VARIATIONS IN THICKNESSS AND Facies: The Cliffield is thickest (1142 
feet) south of St. Clair Station. On the northwest side of Thompson 
Valley about 134 miles northeast of the intersection of County highways 
602 and 604, the Cliffield shows its minimum thickness of 345 feet. Much 
of the thickness variation must be attributed to local differences in condi- 
tions of sedimentation, but some seem related to the irregularities of the 
erosion surface on which the Cliffield was deposited. 

The striking facies variations also indicate locally different conditions 
of sedimentation during deposition. In Clear Fork and Bluestone valleys 
fairly great thicknesses of calcilutyte were locally deposited, while else- 
where in Tazewell County dark-gray cherty limestones were accumu- 
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Taste 3—Zonal distribution of fossils in the Cliffield 


=| 
Zones 
+ 
8 a 3 3 3 
Fossils n rd Ss ~ 
Blais 
5) 8/2/38] 
Alf 
Algae: 
Sponges: 
Corals: 
Tetradium syringoporoides Ulrich.............. x |x 
Bryozoans: 
xix 
Pachydictya robusta Ulrich.................... x 
Brachiopods: 
Dinorthis cf. D. atavoides Willard.............. 
Soni triseptatus (Willard)............... x 
Gastropods: 


| 


| Second calcilutyte 


x 
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Taste 3—Zonal distribution of fossils in the Cliffield—Continued 
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Zones 


Fossils 


Basal clastics 


Ash-gray snale 
| Blocky chert 


First calcilutyte 


Sowerbyites beds 


First course-grained limestone 


Nidulites beds 


Lophospira beds 


Second calcilutyte 


Gastropods—Continued 


H. aff. H. tennesseensis Ulrich and Scofield...... 


L. bicincta (Hall 


O. sublaxa depressa Ulrich and Scofield......... 
Phragmolitescf. P.triangularis (Ulrichand 


Pelecypods: 


Gonioceras cf. G. chaziense Ruedemann......... 


Kionoceras 


Trilobites: 


C. cf. C. gracilens (Raymond)................. | 


Ostracodes: 
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lating. In other places, much of the dark-gray cherty limestone is sup- 
planted by coarse-grained clastic limestone, which probably resulted 
from fragmentation of shells on the sea floor. 

CorrRELATION: The Blackford member is the same as Butts’ “Black- 
ford facies of the Murfreesboro formation.” The first calcilutyte, or 
Five Oaks member, is Butts’ Mosheim in Burkes Garden, Thompson 
Valley, and in median and northwestern belts west of Tazewell. The 
Murfreesboro, as recognized by Ulrich and Butts in the Yellow Branch 
area of Lee County, is probably the same as the Cliffield of Tazewell 
County, except that the second calcilutyte at Yellow Branch is called the 
Mosheim. Butts’ Murfreesboro of the St. Clair section is the Cliffield, 
except that part of the second calcilutyte constitutes his Mosheim. Al- 
though all necessary evidence is not yet available, the first calcilutyte 
of Five Oaks member corresponds approximately to the Mosheim of 
Tennessee but not to the Mosheim of the Yellow Branch section in Lee 
County. The Lophospira beds seem unmistakably linked with the Mur- 
freesboro limestone of the Central Basin of Tennessee. The first coarse- 
grained limestone, the lower part of the Ward Cove limestone member, 
is Butts’ Holston of some areas. The Nidulites beds constitute a part of 
Butts’ lower Ottosee, but their stratigraphic position, fauna, and lithology 
strongly suggest that they are the same as part of the Athens formation 
as developed in Bland County, Virginia. The Cliffield as here defined 
includes beds which Butts has called Murfreesboro, Mosheim, Lenoir, 
Holston, and Ottosee. 

BENBOLT LIMESTONE 


NAME AND Derriniti0on: The Benbolt limestone, named after a historic 
homestead in the east environs of Tazewell, includes the second zone 
of coarse-grained limestone (zone 10), the Opikina beds (zone 11), 
the Chasmatopora beds (zone 12), and the zone of cross-bedded lime- 
stone (zone 13). These strata are poorly exposed immediately west of 
Benbolt, but better exposures occur 114 miles south of Benbolt, west of 
the Tazewell County Farm, which are designated the type section of 
the formation. 

SHANNONDALE LiMesTONE Member: South of Shannondale in Blue- 
stone Valley, the second coarse-grained limestone and overlying nodular 
beds containing Opikina and Strophomena tennesseensis are well exposed. 
These two zones are faunally similar but do not contain the same fauna 
as the upper two zones of the Benbolt. Division of the Benbolt into two 
members is therefore advisable, the lower composed of the second coarse- 
grained limestone and the Opikina beds. At the type section of the 
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Shannondale member, 34 mile south of Shannondale, the following sec- 
tion is exposed. 


Type SECTION OF THE SHANNONDALE MeMBER OF THE BENBOLT LIMESTONE 


Benbolt limestone Feet 
Chasmatopora beds 
Shannondale limestone member 
Opikina beds 
2. Limestone, dark gray, nodular, argillaceous, contains Strophomena 
tennesseensis, Maclurites magnus, Opikina “minnesotensis”, Cama- 
rella varians, Eospongia sp., Homotelus cf. H. elongatus, and 
Second coarse-grained limestone 
1. Limestone, coarse-grained, granular, light gray, clastic texture, sparsely 
cherty; contains Zygospira sp., Camarotoechia ? plena, and Opi- 


Cliffeld formation 


Burkes GARDEN LIMESTONE Member: The upper two zones of the 
Benbolt are faunally similar and constitute a distinctive unit in most 
parts of Tazewell County. This member is named from Burkes Garden 
Creek about 114 miles south of Gose Mill. The thicknesses of the 
Chasmatopora zone and the cross-bedded limestone here are 47 and 63 
feet, respectively. The Burkes Garden member is persistent throughout 
most of Tazewell County but is locally absent between North Tazewell 
and Wittens Mills. One of the best and most accessible sections of the 
Burkes Garden member is along County Road 637 and Pounding Mill 
Branch, immediately south of U. S. Route 19. These exposures are con- 
sidered the type section. 


Type SECTION OF THE BurKEs GARDEN MEMBER OF THE BENBOLT LIMESTONE 


Lower laminated limestone Feet 
Benbolt limestone 
Burkes Garden limestone member 
Cross-bedded limestone 
4. Limestone, cross-laminated, fine- to coarse-grained, dark bluish gray, 
3. Limestone, coarse-grained, cross-bedded, light gray, clastic texture... 30 
Chasmatopora beds 
2. Limestone, gray to buff, granular, weathers nodular and crumbly; 
contains Chasmatopora and numerous other bryozoans, cystoid and 
crinoid stem-plates, and Solenopora compacta.............00+.05% 56 
1. Limestone, coarse-grained, buff weathering, full of cystoid and crinoid 
stem-plates; contains Mimella superba and Chasmatopora........ 


Shannondale limestone member 
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Fossits: The Benbolt is moderately fossiliferous, but the fossils are 


poorly preserved. 
include: 


Algae 
Girvanella sp. 

Sponges 
sp. 
Eospongia sp. 
E. roemeri Billings 

Bryozoans 
Anolotichia cf. A. explanata Coryell 
Nicholsonella sp. 
Pachydictya sp. 

Brachiopods 
Camarella varians Billings 
Camarotoechia quadriplicata Willard 
“C” pristina Raymond 
Dinorthis ef. D. interstriata Willard 
D. quadriplicata Willard 
Glyptorthis bellarugosa (Conrad) 
Mimella melonica (Willard) 
M. vulgaris (Raymond) 
M. superba Butts 
Multicostella previs (Willard) 
M. platys (Billings) 
Opikina “minnesotensis” (Winchell) 


Forms collected 


from the Shannondale member 


Plectorthis cf. P. exfoliata Raymond 
Ptychoglyptus sp 
? cf. R. deltoidea (Con- 
ra 
R. ? magma Butts 
R. ? pulchella Raymond 
Sowerbyella sp. 
Strophomena filiterta (Hall) 
8. Willard 
Zygospira sp. 
Z. (Hall) 
Gastropods 
Holopea scrutator Raymond 
Maclurites magnus Lesueur 
Trilobites 
Bumastus aff. B. lioderma Raymond 
Calliops cf. C. annulatus (Raymond) 
Homotelus elongatus Raymond 
Illaenus fieldi Raymond 
Ostracodes 
Eurychilina cf. E. latimarginata (Ray- 
mond) 
Leperditia sp. 


Fossils collected from the Burkes Garden member include: 


Algae 

Girvanella sp 

Solenopora (Billings) 
Sponges 

Eospongia cf. E. varians Billings 
Cystoids 

aurantium (Gyllen- 

a 

Crinoids 

Paleocrinus ef. P. striatus Billings 
Bryozoans 

Chasmatopora sp. 

Graptodictya sp. 

Rhinidictya sp. 


Brachiopods 
Dinorthis cf. D. quadripliacta Willard 
D. interstriata Willard 
Glyptorthis bellarugosa (Conrad) 
Leptaena ? aff. L. palustris Willard 
L. ? incrassata Hall 
Paurorthis sp. 
Ptychoglyptus sp. 
Rafinesquina ? cf. R. obsoleta Butts 
Sowerbyella aff. S. aequistriota (Wil- 

lard) 

Strophomena filiterta (Hall) 
S. tennesseensis Willard 


VARIATION IN THICKNESS: The maximum thickness of the Shannondale 
member is 125 feet. Outside of Burkes Garden it is not more than 100 
feet thick and averages about 50 feet. Except for a few places where the 
second coarse-grained limestone occurs, the Shannondale consists entirely 
of nodular limestone. It is thin in parts of the Clinch Valley belt and 
absent between Wittens Mills and North Tazewell. In the old quarry 


east of the intersection of U. S. Route 19 and County Highway 650, it is 
only 10 feet thick and is directly overlain by the lower laminated lime- 
stone (zone 14). 

In Burkes Garden and Thompson Valley, the Burkes Garden member 
is 100 to 200 feet thick. In median belts it thins from about 100 feet 
It is thin 


near the Russell-Tazewell county line to 60 feet at Tazewell. 


if 
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or absent on the northwest side of Clear Fork Valley east of Gratton and 
is represented by only a few feet of beds in Bluestone Valley. It is 
absent in the St. Clair section and south of Bluefield. 

CorrELATION: The Benbolt is probably the same as Butts’ Lenoir of 
certain areas, notably the Yellow Branch section, Lee County, Virginia, 
and in Bluestone and Clear Fork valleys of Tazewell County. It is 
faunally similar to the Ridley limestone of Central Tennessee, but the 
equivalency is not yet fully established. In western Tazewell County and 
in Burkes Garden, the Benbolt comprises a part of Butts’ Ottosee. 

STRATIGRAPHIC RELATIONS: The disconformity at the base of the Ben- 
bolt is indicated by the absence of either or both the second calcilutyte 
and second zone of coarse-grained limestone. In a few places in Taze- 
well County, such as Shannondale, both the second calcilutyte and second 
coarse-grained limestone are present, and no physical evidence of a strati- 
graphic break occurs. In most of Tazewell County, the Burkes Garden 
member is overlain by the lower laminated limestone zone, but in the 
southwestern part it is directly succeeded by the Stromatocerium zone. 
The persistence of a thin, cherty zone at the very top, in areas where 
the overlying rocks are laminated limestones and also where the Stromato- 
cerium beds form the next overlying zone, suggests that very little erosion 
took place after deposition of the Benbolt formation. 


Type SECTION OF THE BENBOLT FORMATION AT THE TAZEWELL County FarM 


Lower laminated limestone Feet Inches 
Benbolt limestone 
Burkes Garden limestone member 
Cross-bedded limestone 
7. Limestone, steel gray, argillaceous, dense, faintly cross-bedded, 


6. Limestone, coarse-grained, light gray, cross-bedded, weathers 
saccharoidal, contains 10 


Chasmatopora beds ; 
5. Limestone, granular, crumbly, contains abundant bryozoans, 
crinoid and cystoid stem-plates, Girvanella sp., Glyptorthis, 


Paurorthis, and 11 6 
4. Limestone, medium-grained, fossiliferous, with bryozoans par- 
ticularly abundant, weathers crumbly..................... 28 
Shannondale limestone member 
Opikina beds 


3. Limestone, argillaceous, nodular, weathers buff gray; contains 
“minnesotensis”, Maclurites magnus, Ptychoglyptus 

sp., and Strophomena 33 

Second coarse-grained limestone 

2. Limestone, blocky, fine- to coarse-grained, faintly cross-lami- 
nated, contains Mimeila, Maclurites, and several Lopho- 

1. Limestone, coarse-grained, light gray, with Strophomena ten- 


Cliffield formation 
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GRATTON LIMESTONE 


NAME AND Derinition: The Gratton limestone includes the lower 
laminated limestone (zone 14) and the overlying third calcilutyte (zone 
15). Both are exposed on the northwest side of Clear Fork Valley about 
1 mile north of Gratton. The stratigraphic succession of the Gratton is 
better shown at the Tazewell County Farm, the type section of the 
formation. 

LiTHOoLoGy AND Fossits: The Gratton is composed essentially of calci- 
lutytes, those near the base being thin-bedded and straticulate, and those 
in the upper part thick-bedded. Loeal intercalations of dark bluish-gray 
cherty limestone occur in the third calcilutyte. In Clear Fork Valley and 
in Burkes Garden, lenses and flattened nodules of white chert occur in 
the lowest straticulate layers (Pl. 3). 


Tyre SecTION OF THE GRATTON LIMESTONE AT THE TAZEWELL County Farm 


Stromatocerium beds Feet Inches 
Gratton limestone 
Third calcilutyte 
6. Calcilutyte, brownish gray, weathers bluish gray............... 
5. Calcilutyte, golden gray, with Tetradium cellulosum and T. 
4. Calcilutyte, thin-bedded, weathers nodular and buff............ 5 
3. Calcilutyte, bluish gray, stylolites along bedding planes; con- 
tains Eotomaria, Subulites, and Tetradium.................. 20 4 
2. Calcilutyte, taupe gray, weathers smoky gray.................. 1 3 
Lower laminated limestone 
1. Calcilutyte, argillaceous, laminae accentuated on weathered sur- 
faces; clayey laminae weather light buff, limestone bands 
48 7 


Benbolt limestone 


The following fossils have been collected from the Gratton: 
Subulites regularis Ulrich and Scofield 


Sponges 
Cryptophragmus antiquatus Raymond S. sp. 

Hydroids Cephalopods 
Stromatocerium rugosum Hall Orthoceras sp. 

Corals Trilcbites 
Tetradium cellulosum (Hall) Bathyurus sp. 
T. columnare (Hall) Calyptaulax sp. 
T. racemosum Raymond Ostracodes 

Gastropods Tsochilina sp. 
Eotomaria sp. Leperditella sp. 
Omospira cf. O. laticincta Ulrich Primitiella constricta Ulrich 


Phragmolites grandis (Ulrich) 


TuickNnEss: The Gratton limestone varies in thickness from zero to 
120 feet and averages about 60 feet in the northeastern half of the county. 
SrraTicRAPHIC RELATIONS: In Clear Fork Valley and in the Clinch- 
Bluestone belt northeast of Five Oaks, the Gratton is directly overlain by 
the upper laminated limestone and is underlain by the Burkes Garden 
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member of the Benbolt. In other parts of the county, it is overlain by 
the Stromatocerium beds. Between Pisgah and Five Oaks, laminated 
beds of the Gratton rest on either the second calcilutyte or the Shannon- 
dale member of the Benbolt limestone. At the Peery Lime Company’s 
quarry near North Tazewell, the Benbolt is absent, and the Gratton rests 
directly on the Perry limestone member of the Cliffield. The Gratton 
thins southwest of Tazewell and is absent in the southwestern part of 
the county. Disconformities occur wherever the Gratton is not overlain 
by the Stromatocerium zone and wherever the lower laminated limestone 
is not underlain by cross-bedded limestones of the Burkes Garden member 
of the Benbolt. 

CorRELATION: The Gratton corresponds to the lower part of Butts’ 
Lowville-Mocecasin east of Tazewell, but he includes it in his Ottosee 
formation southwest of Tazewell. It is not yet known whether there 
are correlatives of the Gratton in New York or in other Appalachian areas. 


WARDELL FORMATION 
NAME AND Derinition: This formation is named after a settlement 
along U. 8. Route 19 near the Tazewell-Russell county line and includes 
the Stromatocerium beds (zone 16), the Receptaculites biconstrictus beds 
(zone 17), the third coarse-grained limestone (zone 18), and the overlying 
buff shale (zone 19). It is exposed along County Road 609 about 1 mile 
south of Wardell, but because of intricate folding the true succession of 
zones is obscured. The best section (the type section) is 150 feet east 
of County Road 610 about 1 mile north of the ford across Little River. 
The stratigraphic relations of the Wardell to contiguous strata are better 
shown in the exposures along State Highway 16 about 14 mile north of 
County Road 604. 


Tyre SEcTION OF THE WARDELL FoRMATION NEAR County Hicuway 610 


Brown sandstone Feet Inches 


Wardell formation 
Buff shale 


10. Sandstone, calcareous, shaly, weathers buff................... 6 
9. Shale, bluish gray where fresh, weathers buff................. 40 


Third coarse-grained limestone 
8. Limestone, light gray, coarse-grained, crinoidal, medium- 


7. Shale, platy, buff weathering, with stringers of coarse-grained 
6. Limestone, medium- to coarse-grained, clastic texture, cri- 


Receptaculites biconstrictus beds 
5. Limestone, nodular, argillaceous, weathers buff, contains abun- 
dant small Girvanella; contains intercalations of coarse- 
grained light-gray slabby limestone; Scenellopora common.. 28 
4. Limestone, coarse-grained, very argillaceous, weathers nodular 


3 
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Wardell formation—Continued 
Receptaculites biconstrictus beds—Continued 
Feet Inches 
3. Limestone, fine-grained, dense, dark dove-colored where fresh 
but weathers bright buff. Contains abundant brachiopods 
including Strophomena incurvata, Valcourea deflecta, Piono- 
dema subaequata, and Camarotoechia? 14 6 
2. Limestone, platy, argillaceous, weathers buff, contains Girva- 
nella, Solenopora, and Receptaculites biconstrictus......... 34 
Stromatocerium beds 
1. Limestone, coarse- to medium-grained, argillaceous; contains 
Stromatocerium rugosum, Columnaria halli, Lichenaria car- 
terensis, Fletcheria sp., Solenopora compacta, Girvanella sp., 


Diabolocrinus sp., and Batostoma seviert.................4. 53 6 


Benbolt formation 
SECTION OF THE WARDELL ForMaTION ALONG State Hicuway 16, at ScaLes 


Red mudrock tongue Feet Inches 
Wardell formation 
Buff shale 
9. Shale, smoke gray, calcareous; weathers buff, very platy; mid- 
dle part contains lenses of coarse-grained limestone......... 47 4 
Third coarse-grained limestone 
8. Limestone, coarse-grained, nodular; contains large ostracodes 
and abundant cystoid plates and bryozoan fragments....... 2 
7. Limestone, medium- to coarse-grained, dark gray, very granu- 


6. Limestone, coarse-grained, resembles Holston marble of Ten- 
nessee, lenticularly bedded; contains 6 inches of buff shale 
at base; crinoid and cystoid stem-plates abundant.......... 12 
Receptaculites biconstrictus beds 
5. Limestone, medium-grained, uneven texture, argillaceous, with 
large Isochilina armata and a few Girvanella............... 2 
4. Limestone, cross-laminated, coarse grained, bluish gray, clastic. 1 2 
3. Limestone, very nodular, thin-bedded, argillaceous, buff weath- 
ering; contains Camarotoechia? plena, Receptaculites bicon- 
strictus, Batostoma sevieri, Escharopora sp., Rhinidictya sp., 
Pachydictya sp., and Scenellopora 10 8 
Stromatocerium beds 
2. Limestone, coarse-grained, with abundant cystoid and crinoid 
1. Limestone, medium-grained, uneven texture, argillaceous, me- 
dium gray to bluish gray, medium-bedded, argillaceous 
stringers and pits; contains Batostoma seviert, Cleiocrinus 
sp., Stromatocerium rugosum, Columnaria halli, Lichenaria 
carterensis, Girvanella sp., Solenopora compacta, and a com- 


Gratton limestone 
Fossizs: The Wardell is one of the most fossiliferous formations in 


Tazewell County, but only a part of the fossils have been described 
and named. Those identified are: 


Algae Sponges 
Girvanella sp. . Dystactospongia sp. 
Solenopora compacta (Billings) — biconstrictus Ulrich 
sp 


? 
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Hydroids Brachiopods 
Stromatocerium rugosum Hall Camarotoechia ? plena (Hall) 
Corals Glyptorthis sp. 
Columnaria halli Nicholson Hesperorthis cf. H. tricenaria (Conrad) 
Lichenaria carterensis (Safford) Mimella globosa (Willard) 
Cystoids Pionodema ? subaequata circularis 
Caryocystites sp. (Winchell) 
Chetrocrinus angulatus Wood P. subaequata (Conrad) 
Echinosphaerites sp. Strophomena cf. S. emaciata Winchell 
Crinoids and Schuchert 
Carabocrinus sp. S. incurvata ? (Shepard) 
Cleiocrinus tessellatus (Troost) Valcourea cf. V. deflecta (Conrad) 
Diabolocrinus sp. Pelecypods 
Bryozoans Vanuzemia cf. V. crassa Ulrich 
Batostoma sevieri Bassler Trilobites 
Escharopora subrecta ? (Ulrich) Calliops callicephalus (Hall) 
Graptodictya sp. Illaenus conradi Billings 
Hemiphragma sp. Ostracodes 
Pachydictya robusta Ulrich Isochilina armata (Walcott) 


Rhinidictya sp. 

Scenellopora radiata Ulrich 

TuicknEss: South of Wardell, in median and southeastern belts, the 
Wardell is more than 200 feet thick. It thins gradually to the northeast 
and pinches out a short distance east of Tazewell. It is 35 feet thick 
at Marys Chapel, about 60 feet thick at North Tazewell, and 45 feet 
thick in the west end of Burkes Garden. 

STRATIGRAPHIC RELATIONS: In the type section and in the southwestern 
end of Thompson Valley, the Wardell is underlain by the Burkes Garden 
member of the Benbolt. Toward Tazewell from the Russell-Tazewell 
county line, the Gratton limestone appears between the two formations 
and thickens at the expense of the Wardell. In the western part of 
the county the Wardell is overlain by sandstone which pinches out north- 
east of the Russell-Tazewell County line. East of Liberty, Pounding 
Mill, and State Highway 91 (crossing Thompson Valley), the sandstone 
is absent, and the Wardell is overlain by the red mudrock tongue which 
wedges out near the head of Thompson Valley, near Gratton, and North 


» Tazewell. Beyond the northeast limits of the red mudrock tongue, the 


Wardell is overlain by the upper zone of laminated limestone. In other 
words the Wardell overlaps successively younger beds northeastward and 
is overlapped in the same direction by successively younger beds. These 
complex relations have been established only after careful tracing of the 
various zones from the Russell-Tazewell county line to Bluefield. The 
disconformable relations of the Wardell and overlying beds indicate 
progressive marine overlap. 

CorrELATION: The Wardell includes the beds which Butts considers 
the characteristic limestones of the Ottosee in Russell County, Virginia. 
Correlations with other formations have not yet been established. 
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BOWEN FORMATION 


NAME AND DeFIniTion: Bowen Cove, from which the name of this 
formation is taken, lies at the northwest base of Short Mountain and along 
County Road 609 west of Maiden Spring. Parts of the Bowen are well 
exposed along the south side of Bowen Cove, but there are no complete 
exposures in this general vicinity. It is fully exposed along State High- 
way 91 14 mile south of the intersection with County Road 604, and 
this locality is chosen as the type section. Here and elsewhere in western 
Tazewell County, the lower zone is brown-weathering, calcareous sand- 
stone (zone 20), and the upper is the red mudrock tongue (zone 21). 


Tyre SecTION OF THE BowEN Formation ALoNG State Hicuway 91 THompson 


VALLEY 
Upper laminated limestone Feet 
Bowen formation 
Red mudrock tongue fon 
4. Mudrock, brick red, caleareous; contains intercalations of greenish-gray 
3. Mudrock, straticulate, dark red; mud cracks abundant............... 10 
Brown sandstone tongue 
2. Sandstone, drab gray where fresh, weathers rusty brown, cross-lami- 
1. Sandstone, weathers saccharoidal and rusty brown; contains thin inter- 


Wardell formation 


LituHo.ocy: In both Bowen and Ward coves, the sandstones of the Bowen 
have concretionary structures which cause the beds to weather into 
spheroidal boulders. In most places the uppermost 8 to 12 feet of the red 
mudrock tongue is straticulate, mud-cracked, and columnar jointed. 

TuIckNEss: The thickest section of the Bowen in Tazewell County 
was measured along County Highway 609, a mile south of Wardell. 
Brown sandstone constitutes the lower 14 feet, and the red mudrock is 60 
feet thick. The sandstone pinches out about 8 miles northeast of the 
Russell-Tazewell county line. Beyond this point and northeastward to 
Burkes Garden, Marys Chapel, and Five Oaks, the Bowen is represented 
only by the tongue of red mudrock. Northeast of Five Oaks, Marys 
Chapel, and the divide between Thompson Valley and Burkes Garden, 
the Bowen is absent. 

Fossits: No fossils have been found in the sandstones of the Bowen, 
but in a few places, particularly 114 miles west of Seales, Tetradium 
fibratum Safford is moderately abundant in the red mudrock. 

STRATIGRAPHIC RELATIONS: Where both zones of the Bowen occur, there 
is no physical evidence of a disconformity between the sandstones of the 
Bowen and underlying buff shales of the Wardell. In the middle part of 
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Tazewell County, the hiatus between the buff shales of the Wardell and 
overlying red mudrocks of the Bowen is indicated by the absence of the 
zone of brown sandstone. East of the meridian of Tazewell, the hiatus at 
the base of the Bowen includes a part of the red mudrock which pinches 
out entirely a few miles to the northeast. Contacts of the red mudrock 
tongue with overlying limestones are apparently conformable. 

CorrELATION: The Bowen corresponds to the lower part of Butts’ 
Lowville-Moccasin, as recognized by him in the western part of Tazewell 
County. Campbell (1894) did not include the beds herein named the 
Bowen in the Moccasin limestone. Not only at the type locality of the 
Moccasin, in Scott County, but also in Tazewell County Campbell (1896; 
1897) mapped the Bowen as part of the Chickamauga limestone. Whether 
the Bowen is present northeast of Tazewell County is not yet known. 
During the summer of 1942, the senior writer traced it from the Russell- 
Tazewell county line southwest for more than 60 miles to the Virginia- 
Tennessee line. Throughout its extent in Virginia, southwest of Bluefield, 
the beds herein named the Bowen formation have been classified by Butts 
as the lower part of the Lowville-Moccasin. 


WITTEN LIMESTONE 


NAME AND DerIniTION: This name is proposed for the succession in- 
cluded in the upper laminated limestone (zone 22), fourth calcilutyte 


Type SecTION oF THE WiTTEN Limestone, ALoNG Strate HicHway 16 at ScALes 


Red marble Feet Inches 


Witten limestone 
Camarocladia beds 
6. Limestone, lilac gray, thin- and wavy-bedded, fine-grained, 
dense, full of buff argillaceous fucoid casts; contains inter- 
calations of coarse-grained, fossiliferous limestone; Camaro- 
cladia ci. C. gractite abundant. 12 
5. Limestone, medium-bedded, granular, inter-bedded with calcar- 
eous shale: Zygospira recurvirostris very abundant; few 
Buthotrephis and 4 
4. Limestone, dark gray, fine-grained, thin-bedded; contains inter- 
calations of coarse-grained limestone near base ; Camarocladia 
Cryptophragmus beds 
3. Limestone, thin, wavy-bedded, coarse-grained, very fossiliferous, 
with Pionodema minuscula, Cryptophragmus antiquatus, 
Buthotrephis, Rhinidictya, Escharopora, Orbignyella, and 
Fourth calcilutyte 
2. Calcilutyte, golden gray to bluish gray, argillaceous; Tetradium 
Upper laminated limestone 
1. Limestone, fine-grained, argillaceous, platy, greenish gray...... 


Bowen formation 
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(zone 23), Cryptophragmus beds (zone 24), and Camarocladia beds 
(zone 25). These four zones are exposed 34 mile east of Witten Valley 
Church, from which the name is taken, but parts of the upper two are 
concealed. The best exposure of the Witten limestone is along State 
Highway 16 about 14 mile north of County Road 604. This locality is 
taken as the type section of the formation. 

LirHOLOGY AND Fossits: The four zones, each with its own character- 
istic lithology, persist without change across Tazewell County. The 
typical character of the Witten is shown in the type section. 

The Witten is very fossiliferous; the following species include only the 
more common types: 


Fucoids Sowerbyella cf. S. lebanonensis Bassler 
Buthotrephis cf. B. inosculata Bassler Zygosptra recurvirostris (Hall) 
Other genera and species Gastropods 
Sponges Eotomaria sp. 
Camarocladia cf. C. gracilis Bassler Helicotoma cf. H. granosa Ulrich 
Cryptophragmus antiquatus Raymond H. verticalis Ulrich 
Dystactospongia minor Ulrich and Hormotoma sp. 
Everett Liospira sp. 
Hydroids Maclurites bigsbyi (Hall) 
Dermatostroma sp. Omospira cf. O. laticincta Ulrich 
Corals Subulites regularis Ulrich and Scofield 
Tetradium cellulosum (Hall) Trochonema umbilicatum (Hall) 
T. clarki ? Okulitch Cephalopods 
T. fibratum Safford Orthoceras multicameratum Emmons 
Bryozoans O. sp. 
Escharopora sp. Trilobites 
Graptodictya sp. Calliops callicephalus (Hall) 
Orbignyella sp. Calyptaulaz confluens (Foerste) 
Rhinidictya nicholsoni Ulrich Illaenus sp. 
Brachiopods Ostracodes 
Doleroides sp. Tsochilina sp. 
Hesperorthis tricenaria (Conrad) I. armata (Walcott) 
Pionodema minuscula Willard Krausella arcuata Ulrich 


Leperditella sulcata (Ulrich) 


TuicKNeEss: The Witten limestone averages 100 feet thick. The con- 
stancy in thickness of the Camarocladia and Cryptophragmus zones 
throughout Tazewell County is noteworthy. 

STRATIGRAPHIC RELATIONS: Intertonguing of the upper laminated lime- 
stone of the Witten with the upper mudrocks of the Bowen suggests con- 
formability. Northeast of Five Oaks, Marys Chapel, and Thompson 
Valley, the Witten lies disconformably upon the Wardell or the Gratton 
limestone. There is no physical evidence of a disconformity between the 
Camarocladia beds and overlying red beds. 

CorrELATION: The Witten corresponds to part, and locally to all, of the 
Lowville limestone or Lowville limestone facies of the Lowville-Moc- 
casin formation as defined by Butts (1941, p. 179-191). Its equivalence 
to the New York Lowville is not certain. Evidence by Butts (1941, p. 


~ 


Id 
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188-191) in support of his claim that the Lowville is readily identifiable 
in the Appalachian Valley of Virginia is inconclusive. 

Despite considerable similarity between the Witten fauna and that of 
the Tyrone member of the Lowville limestone, identified by Bassler in 
the Central Basin of Tennessee, there are differences. Most significant is 
the abundance of Cryptophragmus in the Witten, and its apparent ab- 
sence in the Tyrone. The types of fucoids in the Witten are similar if 
not identical to those figured by Bassler from the Tyrone of the Central 
Basin, but the correlative value of the species is unknown. The similarity 
of the Witten and Tyrone faunas is equalled if not surpassed by that 
between the Lebanon and Witten faunas. 

Some fossils of the Witten, particularly Cryptophragmus antiquatus 
and Tetradium cellulosum, are also found in the Pamelia and Lowville of 
New York and Ontario (Wilson, 1932; Okulitch, 1939). Their presence 
does not necessarily mean that the Pamelia or Lowville is equivalent to 
the Witten, but both possibilities warrant consideration. 

Before correlatives of the Witten can be definitely determined, the 
Witten fauna, as well as the faunas of the Pamelia, Lebanon, New York 
Lowville, the Tyrone, and other so-calied Lowville equivalents must be 
studied, and careful comparisons made. 


MOCCASIN FORMATION 


NAME AND DEFINITION: Campbell (1894, p. 2) defined the Moccasin 
as“... a red, argillaceous limestone, passing into the blue, flaggy Chicka- 
mauga limestone below...” A detailed study of the type section of the 
Moccasin, along Moccasin Creek, southeast of Gate City, Scott County, 
Virginia, shows that approximately 465 feet of red beds overlies the 
Camarocladia beds which are certainly the same as those described by 
Campbell as “blue, flaggy Chickamauga limestones”. Thus Campbell 
intended that the name Moccasin apply only to the succession of red beds 
which occurs above the Camarocladia zone. This is exactly the succes- 
sion mapped as the Moccasin in the Pocahontas and Tazewell folios 
(Campbell, 1896; 1897). The sandstone and red mudrock, herein named 
the Bowen, have been incorrectly classified with the Moccasin (Butts, 
1940, p. 180-181), and the succession of limestone above the red mudrock 
tongue has been incorrectly considered by Butts (1940) an intercalation 
of Lowville limestone within the Moccasin. 

In this paper the original usage of the name Moccasin is revived, and 
the zones assigned to it are, in ascending stratigraphic order, the red 
marble, red mudrock, and red siltstone (zones 26, 27, and 28). 

LirHoLocy AND Fossits: In Tazewell County, the base of the Moccasin 
is everywhere marked by red and green variegated marble beds (zone 26) 
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whose average thickness is about 35 feet. The marble is overlain by zone 
27 which is composed of 200 to 350 feet of predominantly red mudrock 
with intercalations of bluish-gray fine-grained limestone and red meta- 
bentonite. A detailed section of the best exposure of the red mudrock 
zone is given under zone 27, already discussed. The red siltstones com- 
prising the upper zone average about 20 feet thick. 


Section oF THE Moccastn Formation State Hichway 91, SouTH oF THE 
JUNCTION WITH County Roap 604 


Cuneiform beds Feet 
Moccasin formation 
Red siltstone 
4. Mudrock, silty, variegated brick red and pale green.................. 10 
3. Siltstone, maroon drab, calcareous; contains intercalations of red waxy 
Red mudrock 
2. Mudrock, maroon drab and brick red, calcareous; contains intercala- 
tions of gray and greenish-gray limestone; several thin wavy seams 
of red bentonitic shale and metabentonite; contains a few Cama- 
Red marble 
1. Limestone-marble, light mahogany brown variegated with pale apple 
green, fine-grained, dense, argillaceous; contains Tetradium fibratum 


Witten limestone 

Fossils are uncommon in the Moccasin. A form of Camarocladia 
similar, if not identical, to Camarocladia gracilis Bassler has been found 
at several horizons at a few localities. Locally, a species of Tetradium, 
probably 7. fibratum, occurs in the red marble zone and in intercalated 
bluish-gray limestones. 

THICKNEsS: The average thickness of 77 sections is 325 feet. The 
maximum thickness in Tazewell County is 440 feet, and the minimum is 
300 feet. Along U.S. Route 19 about 14 mile southwest of the intersection 
with State Highway 61, the interval between the base of the red marble 
and the top of the red siltstone is approximately 200 feet, but detailed 
study shows that at least 125 feet of the red mudrock zone is faulted out. 

STRATIGRAPHIC ReLatTions: The contact of the Moccasin with the 
underlying Witten is transitional throughout Tazewell County. Also, 
contacts with the overlying Eggleston locally show no evidence of a 
stratigraphic break. 

CorrELATION: According to Butts (1940, p. 179-191), the Moccasin 
includes limestones containing Lowville fossils and is therefore equivalent 
to the Lowville. In Tazewell County, Butts’ fossiliferous Lowville lime- 
stones occur above the red mudrock of the Bowen and below the true 
Moceasin. Considering all available information on the age and strati- 
graphic position of the Moccasin, nothing indicates that it is necessarily 


| 
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of Black River age. The Moccasin may be early Trenton, and this pos- 
sibility is being thoroughly investigated. 
EGGLESTON FORMATION 

NAME AND Derinition: This formation was named by Mathews (1934, 
p. 11). In Tazewell County, it should be used only for the part of the 
cuneiform zone which underlies the lowest coquina limestones containing 
Sowerbyella curdsvillensis and Dalmanella rogata. The upper part of the 
cuneiform zone containing these fossils is classed with the overlying 
Martinsburg. 

LirHoLocy AND Fossiis: The best exposure of the Eggleston in Taze- 
well County is along State Highway 16 about 1 mile north of the junction 
with County Highway 604. In this section (previously given under zone 
29) the Eggleston is limited to beds 1 through 12. 

Fossils are not abundant except for a large species of Isochilina (Butts, 
1941, pl. 94, figs. 24, 25). Others collected include: 


Bryozoans Trilobites 


Escharopora subrecta (Ulrich) Achatella transsectus (Raymond) 
Hallopora multitabulata (Ulrich) Ostracodes 
Rhinidictya cf. R. neglecta Ulrich Eurychilina subradiata Ulrich 


Leperditella sulcata (Ulrich) 

THICKNESS: The Eggleston varies in thickness from 35 to 100 feet and 
averages 50 feet. In Burkes Garden, where the maximum thickness 
occurs, about 40 feet of drab-gray caleareous mudrock is at the base and 
underlies beds which elsewhere comprise the entire Eggleston. 

STRATIGRAPHIC RELATIONS: The Eggleston is conformable with the 
Martinsburg. The 50 feet of limestone below the lowest cuneiform- 
jointed bed and above the Moccasin, which is present in the western half 
of Burkes Garden, seems to be absent elsewhere. 

CorreELATION: According to Mathews (1934, p. 11) and Butts (1941, p. 
191-195) the Eggleston is late Black River. However, Eggleston fossils 
listed by Butts (1941, p. 194-195) occur in the upper part of the Decorah 
formation of the Upper Mississippi Valley now considered (Kay, 1937, p. 
294) Trenton. Precise equivalents of the Eggleston have not yet been 
established. 

COLUMNAR SECTIONS 


All the columnar sections of Plate 5 are based on detailed measurements 
with steel tape and Brunton compass. Most were necessarily measured 
by traverse, but a few were measured directly. The Eggleston was ex- 
cluded from the columnar sections because of the scarcity of good 
exposures. 

As inferred from these columnar sections, essentially uniform conditions 
of sedimentation existed during the Benbolt, Gratton, Wardell, Bowen, 
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Witten, and Moccasin stages. Most variations in thickness are in the 
Cliffield, and some seem related to irregularities of the erosion surface 
upon which the Cliffield was deposited. Very significant is the surprisingly 
slight variation in thickness or in succession of zones across the strike of 
the Ordovician belts. Nearly all the stratigraphic variations are parallel 
to the strike of the limestone belts. 

The columnar sections have been aligned with respect to the base of the 
Camarocladia zone. This datum was chosen because the Camarocladia 
and Cryptophragmus zones are the only contiguous units which maintain 
approximately the same thickness throughout the county. The contact 
surface between these zones therefore most nearly approaches a plane, 
the ideal datum. 

MAJOR STRATIGRAPHIC DIVISIONS 


The succession of beds described is clearly post-Beekmantown, but the 
beds above the Camarocladia zone may be younger than hitherto be- 
lieved. The Moccasin and Eggleston may be early Trenton, but present 
evidence is not conclusive. The boundary between the Chazy and Black 
River is not clearly defined in Tazewell County. The Chazy of the 
southern Appalachian Valley and Ridge province is, according to Ulrich 
(1911), composed of the Stones River and Blount groups (possibly also 
Ulrich’s Speers Ferry group). According to Ulrich, the Murfreesboro 
limestone is the oldest formation of the Stones River group which is 
lower Chazy. In Tazewell County, part of Ulrich’s Blount group (upper 
Chazy) occurs beneath beds containing the fauna of the Murfreesboro 
limestone of the Central Basin of Tennessee. Such anomalies result from 
an erroneous determination of the stratigraphic succession used by Ulrich 
in setting forth the relations of the Stones River and Blount groups. 
Neither group name should now be used. Also, Ulrich’s interpretation of 
the Black River group is not the same as that of Kay (1937, p. 250, 256), 
Wilson (1932, p. 135-146), and Okulitch (1939, p. 328-329) who regard 
the Pamelia as Black River and not Chazy as postulated by Ulrich. 

Series and group classification of the formations, described in this 
paper can be made only after regional studies between the New York 
localities and Tazewell County have been completed. 


SUMMARY OF CONCLUSIONS 


In Tazewell County the succession hitherto referred to the Chazy and 
Black River is divisible into 29 faunal and lithologic zones. Detailed 
tracing of these zones shows that: 

(1) Beds which do not contain the fauna of the Murfreesboro limestone 
of Central Tennessee have been referred to that formation. 


4 
q 


the 
be- 
ent 
ack 
the 
‘ich 
also 
oro 
1 is 
yper 
oro 
rom 
rich 
ups. 
n of 
56), 
yard 
rich. 
this 
York 


and 


ailed 


stone 


SUMMARY OF CONCLUSIONS 883 


(2) Some of the coarse-grained limestones which have been called 
Holston underlie beds carrying the fauna of the Murfreesboro limestone. 

(3) Other so-called Holston beds overlie limestones containing fossils 
which are supposed to be valid guides to the Ottosee and Lowville. 

(4) Certain fossils, such as Nidulites pyriformis, which have been con- 
sidered indicative of the Ottosee formation, have been found below beds 
containing the Murfreesboro fauna. 

(5) Nodular limestones, described by Butts as typical Ottosee beds, 
overlie calcilutytes containing Tetradium cellulosum and Tetradium 
racemosum, both of which he considers valid index fossils of the Lowville. 

(6) In various parts of Tazewell County, two different zones of calcilu- 
tyte have been identified as the Mosheim. One is 200 to 850 feet strati- 
graphically above the other. 

(7) The Lenoir limestone of Butts has been identified largely on the 
basis of its superposition with respect to beds supposed to be Mosheim, 
resulting in the identification of two different zones as Lenoir. 

(8) Beds which are both faunally and lithologically similar to part of 
the Athens, as recognized by Butts in Bland County, have been found in 
Tazewell County in the lower part of Butts’ Ottosee. 

(9) Mistakes in identification of formations have resulted from the use 
of lithologic criteria and index fossils which are invalid. 

In order to clarify the stratigraphy of the “Chazyan” and “Black 
River” succession, the following changes are herewith proposed. 

(1) Discontinuance of the usage of Stones River, Murfreesboro, 
Mosheim, Lenoir, Blount, Holston, Ottosee, and Lowville as precise 
stratigraphic terms. 

(2) Introduction of the name Cliffield formation for the succession from 
the base of the basal clastics to the top of the second calcilutyte. 

(3) Recognition of five members of the Cliffield formation; the Black- 
ford member (zones 1, 2, and 3); the Five Oaks limestone member (zone 
4); the Lincolnshire limestone member (zone 5); the Ward Cove lime- 
stone member (zones 6 and 7); and the Peery limestone member (zones 
8 and 9). 

(4) Introduction of the name Benbolt limestone for the four zones 
between the second calcilutyte and the lower zone of laminated lime- 
stone. 

(5) Recognition of two members of the Benbolt limestone: the Shan- 
nondale limestone member (zones 10 and 11) and the Burkes Garden 
limestone member (zones 12 and 13). 

(6) Use of the name Gratton limestone for the lower laminated lime- 
stone (zone 14) and the third calcilutyte (zone 15). 
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Formation 


Member 


Columnar 
section 


Zone 


Eggleston formation 


Cuneiform beds (lower part only) 


Moccasin formation 


Red _ siltstone 


Red mudrock 


Red marble 


Witten limestone 


Camarocladia beds 


Cryptophragmus beds 


Fourth calcilutyte 


Upper_laminated limestone 


Bowen formation 


Red mudrock tongue 


Brown sandstone tongue 


Wardell formation 


Buff shale 


Third coarse-grained limestone 
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Ficure 3—Lower Middle Ordovician formations in Tazewell County 


Feet 
250) 
: 
2008 
—cLH 
1008 
| 
[—— ——— } 
dl 
| 
po 
Tol 
[Iolo] 
toto 
ot] 
foto 
| 
4 
| 


SUMMARY OF CONCLUSIONS 885 


(7) Use of the name Wardell formation for the four zones overlying 
the third calcilutyte, including the Stromatocerium beds, Receptaculites 
biconstrictus beds, third coarse-grained limestone, and buff shale (zones 
16, 17, 18, and 19). 

(8) Use of the name Bowen formation for the tongues of brown sand- 
stone (zone 20) and red mudrock (zone 21). 

(9) Use of the name Witten limestone for the succession above the red 
mudrock tongue and below the red marble, including the upper laminated 
limestone (zone 22), fourth calcilutyte (zone 23), Cryptophragmus beds 
(zone 24), and Camarocladia beds (zone 25). 

(10) Adherence to the original usage of Moccasin, as defined by Camp- 


bell in 1894. 

(11) Retention of Eggleston as the formation name for that part of the 
cuneiform-jointed zone which underlies the lowest coquina limestone con- 
taining Sowerbyella curdsvillensis and Dalmanella rogata. 
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